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In this paper, structural and optical properties of PMMA–ZrO2 nanocompo-
sites doped with silver nanoparticles are investigated. The silver nanoparti-
cles are added to PMMA–ZrO2 nanocomposites with concentrations of 2, 4 

and 6 wt.%. The experimental results show that the absorption coefficient, 
extinction coefficient, refractive index, dielectric constants, and optical 
conductivity of PMMA–ZrO2 nanocomposites are increased, while both the 

transmittance and the energy band gap are decreased with increase in silver-
nanoparticles’ concentration. The obtained results for the structural and op-
tical properties show that the PMMA/ZrO2/Ag nanocomposites can be used 

for different medical and industrial applications such as solar cells, diodes, 

sensors, UV-detectors, etc. 

У цій роботі досліджуються структурні й оптичні властивості нанокомпо-
зитів PMMA–ZrO2, оброблюваних наночастинками срібла. Наночастинки 

срібла додаються до нанокомпозитів PMMA–ZrO2 з концентраціями 2, 4 і 
6 ваг.%. Експериментальні результати показують, що коефіцієнт погли-
нання, коефіцієнт екстинкції, показник заломлення, діелектричні конс-
танти й оптична провідність нанокомпозитів PMMA–ZrO2 збільшуються, 

в той час як прозорість та заборонена зона енергій зменшуються зі збіль-
шенням концентрації наночастинок срібла. Одержані результати для 

структурних і оптичних властивостей показують, що нанокомпозити 

PMMA/ZrO2/Ag можуть використовуватися для різних медичних та інду-
стріальних застосувань, таких як сонячні елементи, діоди, датчики, де-
тектори ультрафіолету тощо. 
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1. INTRODUCTION 

In latest years, the expansion of new polymers, blends, composites and 

progressing materials becomes necessity for modification of mechanical, 
electrical, optical and thermal properties to fulfil the desired features. 
The expansion runs parallel with intense series of studies aiming to en-
lighten the structure–property relationship of the revised materials [1]. 
The optical, electrical, and thermal features of new polymeric films are 

essential for the development of these films. Transparent films can be 

hired as optical filters, polarizers, total reflectors, narrow pass-band fil-
ters, etc. Films of dielectric materials have been successfully utilized in 

certain optical devices and materials [2]. Integration of macro and nano-
composites has led to the development of a new class of nanocomposite 

materials, which find vital approach in medicine, biology, industry and 

defence. 
 Polymers and organic materials have been receiving a great deal of 

attention for their unique features offering to realize lightweight, en-
vironmental friendly, flexible and cost effective electronic devices [3–
5]. Polymethylmethacrylate (PMMA) is one of the important transpar-
ent thermoplastic plastics, which has been utilized to make windows, 
lenses, and other optical devices and used to improve the mechanical 
properties and process ability of PANI. PMMA is chosen as a dielectric 

matrix because of its high transparent ability in the visible spectral 
range, which is important for optoelectronics, sensors, and smart-
window applications [6–8]. Polymers and particularly hybrid (organ-
ic–inorganic) composites are attracting increasing attention from re-
searchers due to their use in many manufacturing sectors. Introducing 

metal oxides like ZrO2 into organic matrices offers more high physical 
and chemical stability. Inorganic nanoparticles as filler and organic 

polymers as matrices can endow the resulting nanocomposites with ex-
cellent electrical, optical, and mechanical properties [9–13]. These 

nanocomposites exhibit the merits of blending the advantageous prop-
erties of metal oxides with the process ability and flexibility of poly-
mers. Among the most important metal oxides, ZrO2 (zirconia) is a ma-
terial of great technological importance, having good natural colour, 
high strength, transformation toughness, high chemical stability, ex-
cellent corrosion resisting material, and chemical and microbial re-



STRUCTURAL AND OPTICAL PROPERTIES OF (PMMA/ZrO2/Ag) NANOCOMPOSITES 985 

sistance [14–17]. Zirconium oxide ZrO2 is a wide band gap p-type semi-
conductor that exhibits abundant oxygen vacancies on its surface. 
 The high ion exchange capacity and redox activities make it useful 
in catalysis. Zirconium oxide ZrO2 is also an important dielectric mate-
rial for potential application as an insulator in transistors in future 

nanoelectronic devices [18–20]. ZrO2 nanoparticles have found uses in 

solid oxide fuel cells and in nitrogen oxide, oxygen gas sensors. The 

fully stabilized ZrO2 nanoparticles are also well suited for high-
temperature energy conversion systems, attributed to its high oxygen-
ion transport capabilities and long-thermostability. Composites are 

widely utilized our day-to-day life [21–23]. Because of their low weight 

and ability to be tailored for specific end use they have gained a consid-
erable ground in the high execution applications, like aerospace and 

automobile industry. 
 The idea of connecting two or more various constituents into on sub-
stance grant almost infinite possibilities to make new engineering ma-
terials recognized by variety of different properties. Composite mate-
rials because of these diverse properties are successfully used in almost 

all areas of industry and science [24]. One advantage of nanoparticles, 
as polymer additives appear to have is that compared to traditional ad-
ditives, loading necessities are quite low [25]. 
 Microsize particles used as reinforcing agents scatter light, there-
fore reducing light transmittance and optical clarity. The efficient na-
noparticle dispersion combined with good polymer–particle interfacial 
adhesion eliminates the scattering and allows the exciting possibility 

of developing strong yet transparent films, coatings and membranes 

[26]. The optical properties of polymers constitute important aspects 

in study of electronic transition and the possibility of their application 

as optical filters, a cover in solar collection, selection surfaces and 

green house. The information about the electronic structure of crystal-
line and amorphous semiconductors has been mostly accumulated from 

the studies of optical properties in wide frequency range [27]. The 

composites and nanocomposites have huge applications as humidity 

sensors [28–32], radiation shielding [33–38], antibacterial [39, 41] 

and thermal energy storage and release [42–46]. The adding of bio-
material, micro- or nanoparticles to the polymer or polymer blend aims 

to improve in optical properties [47–54], dielectric and electrical prop-
erties [55–62]. The aims of current paper, a study the impact of silver 

(Ag) nanoparticles on structural and optical of (PMMA–ZrO2) nano-
composites. 

2. MATERIALS AND METHODS 

The nanocomposites of (PMMA–ZrO2–Ag) are prepared by dissolving 

(0.98 gm) of PMMA with (0.02 gm) of ZrO2, and the Ag nanoparticles 
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are added to (PMMA–ZrO2) nanocomposites with different concentra-
tions of 2, 4 and 6 wt.% dissolved in beaker 20 ml of chloroform using 

magnetic stirrer to mix the polymer and nanoparticles 30 min to 

achieve more homogeneous solution. The casting method is used to 

prepare the specimen of (PMMA–ZrO2–Ag) nanocomposites placed in 

Petri dish 10 cm diameter. The optical properties of (PMMA–ZrO2–Ag) 
nanocomposites were recorded for wavelength (220–820) nm using the 

spectrophotometer double beam (Shimadzu, UV-1800 A). Optical prop-
erties of materials are very important due to it can achieve information 

about the internal structure, the nature of the bonds and their em-
ployment by knowing the amount of absorbance, reflectance and 

transmittance of these materials [63]. 
 By using Lambert’s law, it can be calculated the absorption coeffi-
cient, which states that absorbance of a material sample is directly 

proportional to its thickness (path length) (t), and it can be written as 

follows: 

 
0

tI
e

I

 , (1) 

where (I/I0)—the ratio of the transmittance intensity of the incident 

wave to the incident intensity of the same wave, which represents the 

transmittance of the electromagnetic wave (T) and because the absorb-
ance (A) written as: 

 
0
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I

A
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 . (2) 

The absorption coefficient α can be calculated from the absorption data 

as [64] 

 2.303
A

t
  , (3) 

where  is the absorption coefficient for higher photon energies. The 

simplified general equation is [65] 

 ( )
m

gah B h E    , (4) 

where B is a constant; h is the photon energy; Eg is the energy band 

gap, and m is the parameter connected with distribution of the density 

of stales. The index m1/2 for allow direct transition energy gap, and 

m2 for indirect transition one [66–69]. Thus, from the straight-line 

plots of (h)2
 versus h and (h)1/2

 versus h, the direct and indirect 

energy gaps of insulators and/or dielectrics can be determined. The 

Beer–Lambert law has implicit assumptions that must be met experi-
mentally for it to apply; otherwise, there is a possibility of deviations 
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from the law to be observed [70]. 
 The refractive index represents the ratio of the electromagnetic wave 

speed in vacuum to the electromagnetic wave speed inside the material. 
Equation (5) gives the law used to calculate the refractive index [71]: 

 
2

2

4 1

( 1) 1
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, (5) 

where R is the reflectance, which can be calculated in terms of the ab-
sorption and the transmission from the energy conservation law [72]: 

 1R A T   . (6) 

 Complex refractive index can be written as follows: 

 
*n n ik  , (7) 

where n is the real part of refractive index; K is the extinction coeffi-
cient represents the imaginary part; n

*
 is a complex number represent 

the complex refractive index that depends on several characteristic 

factors such as crystal defect and crystal structure. The extinction co-
efficient represents the amount of attenuation of an electromagnetic 

wave that is traveling in a material, where it values depends on the 

density of free electrons in the material and on the structure nature, 

this coefficient can be calculated by using the following equation [73]: 

 (4 )k    , (8) 

where  is the wavelength. The extinction coefficient (k) is directly 

proportional to the absorption coefficient as seen from Eq. (8). 
 The complex dielectric constant (

*1i2) characterizes the opti-
cal properties of the solid material, where real part (1) and imaginary 

part (2) of the dielectric constant, and can be calculated by the follow-
ing relations [74]: 

 2 2

1
n k   , (9) 

 
2

2nk  . (10) 

 The real (1) and imaginary (2) parts of the dielectric constant are 

related to (n) and (k) values as seen from Eq. (9) and Eq. (10). The cal-
culation of these two parts supplies information about the loss factor. 
 The optical conductivity has been determined by [75] 

 (4 )nc    . (11) 
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3. RESULTS AND DISCUSSION 

The optical properties of (PMMA–ZrO2–Ag) nanocomposites involve 

the absorbance, transmittance, the absorption coefficient, energy band 

 

Fig. 1. Absorbance as a function of wavelength for (PMMA–ZrO2–Ag) nano-
composites. 

 

Fig. 2. Transmittance as a function of wavelength for (PMMA–ZrO2–Ag) 
nanocomposites. 
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gap, extinction coefficient, reflection index, dielectric constants, and 

optical conductivity. 
 From equation (2), it can be measured the absorbance of (PMMA–
ZrO2–Ag) nanocomposites. Figure 1 shows the absorbance as function of 

the wavelength of the incident light for (PMMA–ZrO2) with deferent 

concentration of Ag. It is observed from figure that the absorption for 

all specimens of nanocomposites was taken high value near the absorp-
tion edge 220 nm UV region with the increasing of the concentrations 

for Ag nanoparticles. This is because of the excitations of valance band 

to the conduction band at these energies. At UV region, the high absorb-
ance of specimen for (PMMA–ZrO2–Ag) nanocomposites assigned to the 

energy of photon enough to interact with atoms; the electron excites 

from a lower to higher energy level by absorbing a photon of known en-
ergy [76–80]. 
 The absorbance of all specimens for (PMMA–ZrO2–Ag) nanocompo-
sites at visible and near-infrared regions has low values; this behaviour 

assigned to the energy of incident photons does not enough energy to 

interact with atoms. Therefore, the photons will transmit if the wave-
length increases [81]. 
 The optical transmittance is defined as the ratio of the intensity of the 

transmitted light to the intensity of the incident light. The transmit-
tance spectrum depends on the chemical and crystal structure, thickness 

and the surface morphology of the films, and depends on the important 

parameter effect on films’ transmittance. Figure 2 shows the optical 
transmittance spectra as a function of wavelength of incident light for 

(PMMA–ZrO2–Ag) nanocomposites. It is noticed from figure, the 

transmittance decreased with the increasing of the concentration for Ag 

nanoparticles. This is because of the agglomeration of nanoparticles 

with increasing concentration and increase of the number of charge car-
riers [82–86]. 
 The size and shape distributions of the (PMMA–ZrO2–Ag) nanocom-
posites were analysed using a scanning electron microscope (SEM). Fig-
ure 3 shows that the distribution of Ag nanoparticles in (PMMA–ZrO2) 
nanocomposites at magnification power (10). The optical microscope 

images expose that Ag nanoparticles are aggregated as a bunch at low 

ratios as shown in this figure, while, at high ratios, the presence of na-
noparticles, which are uniformly distributed inside the (PMMA–ZrO2) 
nanocomposites where charge carriers are allowed to pass through the 

paths [87–90]. 
 Figure 4 shows the SEM images (PMMA–ZrO2–Ag) nanocomposites. 
Scanning electron microscopy has been used to study the compatibility 

between various components of the polymers, Ag nanoparticles. 
 The films exhibit uniform density of grain distribution at surface 

morphology and surfaces morphology of the (PMMA–ZrO2–Ag) nano-
composites show many aggregates or chunks randomly distributed of 
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nanoparticles on the films’ surface [91–94]. The results show an in-
crease in the number of aggregations on the surface in accordance with 

increasing concentration of Ag nanoparticles [95]. 
 From equation (3), it can be calculated the absorption coefficient  of 

nanocomposites. The variant of absorption coefficient for (PMMA–
ZrO2–Ag) as a function of photon energy of the incident light are pre-
sented in Fig. 5. It can be observe that absorption is comparatively small 
at low energy. 
 This means that the possibility of electron transition is low due to the 

energy of the incident photon not sufficient to move the electron from 

the valence band to the conduction band (hEg) [96–100]. Absorption 

is high at high energies; this means that there is high possibility for 

electron transition, where the energy of incident photon is sufficient to 

transfer the electron from the valance band to the conduction band. This 

means that the energy of the incident photon is larger than the energy 

band gap. This shows that the absorption coefficient contribution is fig-

 

Fig. 3. Photo images (10) for (PMMA–ZrO2–Ag) nanocomposites: (a) for 

PMMA; (b) for (PMMA–ZrO2); (c) for 2 wt.% Ag; (d) for 4 wt.% Ag; (e) for 6 

wt.% Ag. 
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uring out the nature of electron transition. 
 When the values in the absorption coefficient of material are high 

(104
 cm

1) at high energy, the electron transmission is possible to be 

direct transition of electron but the electron transmission will be pos-
sible to be indirect transition if the values of the absorption coefficient 

of material are typically low 104
 cm

1
 at low energy. 

 The values of absorption coefficient of (PMMA–ZrO2–Ag) nanocom-
posites are low 104

 cm
1; the transition of electron is indirect. The 

absorption coefficient of nanocomposites increases with increasing of 

silver nanoparticles concentrations; this is because the increasing of 

number of charge carriers as shown in Fig. 5. 
 The absorption coefficient of (PMMA–ZrO2–Ag) nanocomposites is 

less than 104
 cm

1; this clarifies that the electron transition is indirect 

[101]. 
 Figures 6, 7 show the energies’ gaps for allowed and forbidden indi-
rect transitions of (PMMA–ZrO2–Ag) nanocomposites. From these 

figures, we can observe that the energies gaps for allowed and forbid-
den indirect transitions of nanocomposites are decreased with the in-
creasing of the Ag nanoparticles concentrations. 
 This behaviour is because of the creation of levels in the energy gap; 

 

Fig. 4. SEM images (10 µm) of (PMMA–ZrO2–Ag) nanocomposites: (a) for 

PMMA; (b) for (PMMA–ZrO2); (c) for 2 wt.% Ag nanoparticles, and (d) for 6 

wt.% Ag nanoparticles. 
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the transition of electron in this case is conducted in two stages that 

include the transition from the valence band to the local levels in ener-
gy gap and to the conduction band as a result of increasing the Ag na-
noparticles concentrations; the electronic conduction depends on na-
noparticles concentrations [102–104]. 

 

Fig. 5. Variation of absorption coefficient () for (PMMA–ZrO2–Ag) nano-
composites with photon energy. 

 

Fig. 6. Variation of (h)1/2
 for (PMMA–ZrO2–Ag) nanocomposites with pho-

ton energy. 
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 Figure 8 shows the extinction coefficient variant as a function of 

wavelength for the (PMMA–ZrO2–Ag) nanocomposites. The figure 

shows that the extinction coefficient k of (PMMA–ZrO2–Ag) nanocom-
posites increase with increasing of the silver nanoparticles concentra-
tion; this is due to the increasing in optical absorption and photons 

dispersion in the (PMMA–ZrO2–Ag) nanocomposites. The extinction 

coefficient of nanocomposites has high values in UV region; this be-
haviour attributed to high absorbance of all samples of nanocomposite. 

 

Fig. 7. Variation of (h)1/3
 for (PMMA–ZrO2–Ag) nanocomposites with pho-

ton energy. 

 

Fig. 8. Variation of extinction coefficient for (PMMA–ZrO2–Ag) nanocompo-
sites with wavelength. 
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 In addition, extinction coefficient of nanocomposites increases with 

the increasing of the wavelength at visible and near infrared regions, 
which attributed to the absorption coefficient of (PMMA–ZrO2–Ag) 
nanocomposites is approximately constant at visible and near-infrared 

regions; hence, the extinction coefficient increases with the increasing 

of the wavelength according to Eq. (8) [105]. 

 

Fig. 9. Variation of refractive index for (PMMA–ZrO2–Ag) nanocomposites 

with wavelength. 

 

Fig. 10. Real dielectric constant as a function of wavelength for (PMMA–
ZrO2–Ag) nanocomposites. 
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 The refractive index can be calculated by using Eq. (5). Figure 9 

shows the refractive index n as a function of wavelength; it is clear 

from figure, the refractive index of nanocomposites increases with the 

increasing of the silver nanoparticles concentrations, such as refrac-
tive index is decreased with the increase of the wavelength. This recit-
al attributed to the density of nanocomposites. When the incident light 

interacts with a sample, it has high refractivity at UV region; hence, 

the values of refractive index will be increased [106–108]. 
 The real dielectric constant (1) and imaginary (2) dielectric con-
stant connected to the refractive index (n) and extinction coefficient 

(k) values. From equations (9) and (10), it can be measured the values 

of 1 and 2 dielectric constant respectively. The real (1) and imaginary 

(2) parts of dielectric constant as functions of wavelength for 

(PMMA–ZrO2–Ag) nanocomposites are shown in Figs. 10 and 11, cor-
respondingly. The 1 dielectric constant depends on n

2
 and k

2, but 2 di-
electric constant depends on n and k [109]. The figures show that the 

real and imaginary parts of dielectric constant are increased with the 

increase of Ag nanoparticles’ concentration. The increase of real and 

imaginary parts of dielectric constant with Ag nanoparticles concen-
tration is because of the increase of refractive index and extinction co-
efficient. As shown in these figures, the real and imaginary parts of 

dielectric constant of (PMMA–ZrO2–Ag) nanocomposites are changed 

with the wavelength; this is due to the real part of dielectric constant 

depending on refractive index. Due to this fact, effect of extinction 

coefficient is very small, and the imaginary part of dielectric constant 

depends on extinction coefficient especially in the visible and near-
infrared regions of wavelength where the refractive index is approxi-
mately constant while extinction coefficient increases with the in-
crease of the wavelength [110]. 
 Figure 12 shows the variation of optical conductivity with the wave-
length of nanocomposites. The figure shows that the optical conductiv-
ity of all samples of nanocomposites are decreased with the increasing 

of the wavelength; this behaviour is attributed to the optical conduc-
tivity depends strongly on the wavelength of the radiation incident on 

the samples of (PMMA–ZrO2–Ag) nanocomposites. The increasing of 

optical conductivity at low wavelength of photon is because of high ab-
sorbance of all samples of nanocomposites in that region and, there-
fore, increasing of the charge transfer excitations. The optical conduc-
tivity spectra indicated that the samples are transmittance within the 

visible and near infrared regions. Too, the optical conductivity of 

nanocomposites is increased with the increase of Ag nanoparticles’ 
concentration; this behaviour is related to the creation of localized lev-
els in the energy gap; the increase of Ag nanoparticles’ concentration 

increases the density of localized stages in the band structure, hence, 

increase of the absorption coefficient consequently increasing the op-
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tical conductivity of (PMMA–ZrO2–Ag) nanocomposites [111, 112]. 

4. CONCLUSION 

The optical properties, which include absorbance, absorption coeffi-
cient, extinction coefficient, refraction index, optical conductivity, 
real and imaginary part of the (PMMA–ZrO2) nanocomposites, are in-
creased with increase in sliver nanoparticles’ concentration. 

 

Fig. 11. Imaginary dielectric constant as a function of wavelength for 

(PMMA–ZrO2–Ag) nanocomposites. 

 

Fig. 12. Variation of optical conductivity for (PMMA–ZrO2–Ag) nanocompo-
sites with wavelength. 
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 The optical transmittance and energy gap for indirect transition (al-
lowed, forbidden) are decreased with increasing the concentration of 

the silver nanoparticles. 
 The obtained results show that the (PMMA/ZrO2/Ag) nanocompo-
sites may be used for different medical and industrial applications. 
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