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Abstract  
 
Polymeric films based on polyvinyl alcohol (PVA) doped with titanium dioxide 

nanoparticles at different weight percentage (1.25, 2.5, 5, 7.5, 10 TiO2/PVA) were prepared 
using the sonification and casting techniques. The structural properties of those samples 
were examined by XRD, FTIR, and UV-Visible .The XRD pattern revealed that the 
amorphous domain in PVA polymer matrix increased with raising the TiO2 content. The 
complexation of  the dopant with the polymer was examined by FTIR studies .The 
absorption spectra of UV-Visible light showed irregular changes of the absorption for high 
doping samples in UV range (7.5, 10 TiO2 /PVA). Absorbance, transmittance and 
reflectance spectra were used for the determination of the optical constants. The results 
indicated that the optical band gap decreases with increasing TiO2 content, while the 
refractive index increased to high value for the composites of high dopant. Using the 
Wemple-DiDomenico model, we calculated the static reflection index, the oscillation 
energy, and the dispersion energy. The dispersion energy changes slowly as a function of 
TiO2 percentage .The dispersion parameters and the high frequency dielectric constant were 
determined. In addition the average oscillator wavelength λ0 and oscillator strength S0 for 
the investigated samples were found to be strongly affected by the nanopartices dopant. 
 
Keywords : PVA, TiO2, XRD, FTIR, UV-visible, Wemple-DiDomenico. 
PACS: 78.66.-w,78.66.5q 

 
1. Introduction 

 
In recent years, nanocomposite materials have received great interest for both 

industrial and academic applications [1]. Addition of a small amount of nanomaterial could 
improve the performance of polymeric materials because of their small size, large specific 
surface area, quantum confinement effects and strong interfacial interactions [2]. Among 
these polymers, Poly (vinyl alcohol) (PVA) is a polymer that has been studied intensively 
because of its good film forming and physical properties, high hydrophilicity, processability, 
biocompatibility, and good chemical resistance[3]. It is a semi-crystalline polymer, 
containing crystalline and amorphous phase. When such a polymer is doped with a suitable 
dopant, it may interact either in the amorphous fraction or in the crystalline fraction of the 
polymer and in both cases its different physical quantities are changed depending upon the 
structural change. Hence the complete information about the effect of additives on a specific 
polymer helps in tailoring those polymer properties for a particular application [4]. 
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Many kinds of nanomaterials have been used to prepare organic/inorganic 
nanocomposites among these inorganic fillers, TiO2 nanoparticles have a special place 
because of its good stability, high refractive index, hydrophilicity, UV absorbance, 
nontoxicity and excellent transparency for the visible light. TiO2 is well known as a matter 
with strong redox ability and used for photo electrochemical cell [5], water or air 
purification [6], to degrade the organic pollutants killing the bacteria due, high 
photocatalytic activity and low cost [7]. It can be found mainly as a pigment in powder  
form, providing whiteness to products such as paints, papers, coating plastics, food 
packaging material, ink, cosmetics and so on [8]. For all these applications, particle size and 
good dispersion of the TiO2 nanoparticles in polymer matrix are very important factors. 
Many preparation methods are used to fabricate the nanocomposite among them the casting 
method, which is widely used in the preparation processes for inorganic/organic composite. 
The advantage of this method is that the synthesis process is done at room temperature and 
the organic polymer can be introduce at the initial stage in which the particles of solution 
kept in the homogenous dispersed state. The addition of the in organic particle in the 
polymer matrices arise a new composite material which greatly differs from conventional 
material .TiO2 nanoparticles can be directly added in organic coating, but due to the high 
surface area and high polarity, there is a strong tendency for them to aggregate. Therefore, 
in order to improve the homogeneous dispersion of nanoparticles many researchers have 
been focused upon using ultrasonic irradiation.  

The ultrasonic radiation is more effective than mechanical stirring because it 
produces strong shock waves at solid liquid interface leading to quick reaction. Also, it 
produces a transient cavity and asymmetry collapse in very short time which is called 
ultrasonic cavitations. These collapses set up micro-jet which impact solid surface to 
accelerate mass transfer and to make the solid surface active. The mass transfer and 
diffusion are accelerated because of the intensive mass motion caused by ultrasonic, which 
makes the mass stripped the surface and the surface is uploaded [9]. It is found that the 
basal spacing(d) of the solid can be expanded in short time as detected from the XRD, so 
ultrasonic irradiation time can markedly affect the increasing extend of basal spacing [10]. 
Based on sonochemical theory the ultrasonication of liquid could generate hot spots as high 
as 5000 o K and local pressure as high as 500 atm, also heating and cooling rate greater than 
10o K/s. Therefore ultrasonic irradiation can produce a very harsh environment that can 
induce same chemical reactions that cannot take place under usual condition and could be 
extensively applied to approach homogeneous dispersion of nanoparticles in organic 
polymer. It has been reported that high intensity ultrasonic could exceed the attractive force 
of molecules to produce high concentrations of H and OH radicals in water. Meanwhile, 
continuing ultrasound leads to degradation of polymer chains, resulting in low molecular 
weight at the end.  

 The object of this work is to prepare TiO2/PVA nanocomposite films with different 
composition ratios of the two materials (1.25, 2.5, 5, 7.5 and 10 wt%TiO2). Ultrasonic was 
used as a major factor for preparation in order to get better dispersion. The obtained films 
were characterized by different spectroscopic methods such as XRD, FTIR and UV-Vis 
spectroscopy taking in consideration the application of single oscillator to evaluate the 
changes in the resulting nanocomposites.  
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2. Experimental 
 
The polymer nanocomposte films were prepared by casting technique with the aid of 

ultrasonic irradiation .Casting method based on liquid particle dispersion, where the water 
was used as PVA polymer solvent, then the polymer solution used as nanoparticles 
dispersant. Once we get a homogeneous dispersed mixture, the solvent evaporate yields a 
homogeneous nanocomposite solid film. Since the nanoparticles tends to agglomerate ,the 
ultrasonic radiation were employed to get a good dispersion of the TiO2 nanoparticles in the 
PVA solution .Ultrasonic produces a harsh environment for some chemical interaction to 
take place between the polymer and the nanoparticles which would result in a better 
dispersion and less agglomeration 
 

2.1 Materials 
 

All chemicals and materials were obtained and used as received without further 
purification Poly vinyl alcohol with MW= 15000(Sigma Aldrich), TiO2 nanoparticles with 
particle size about 25 nm  (CMRDI) Helwan, Cairo, Egypt) .The deionized (DI) water was 
used in the samples preparation 
 

2.2 Preparation  of TiO2/PVA nanocomposite film: 
 

Pure PVA film:  The appropriate weight of PVA (1gm) was dissolved in 100 ml of 
DI water. The mixture was magnetically stirred continuously and heat (80oC) for 4 hours, 
until the solution mixture becomes a homogenous viscous appearance at room temperature. 
The gel is poured into Petri dish and left for 3 days to solidify at room temperature .The 
thickness of the final film was bout (50μm).  

TiO2/PVA naocomposites: 1g of PVA was dissolved in the same approach above. 
Different weight percentage of TiO2 nanoparticles were added to water and magnetically 
stirred vigorously for 3hours and sonicated using -----  for 1 hour to prevent the 
nanoparticles agglomeration  .The mixture were mixed with  the PVA solution and 
magnetically stirred for 2 hours then sonicated for 1 hour to get good dispersion without 
agglomeration  . The final PVA /TiO2 mixture were cast in glass Petri dish , air bubbles 
were removed by shaking and blowing air and were left until dry .This procedure were 
repeated to make (1.25%,2.5%,5%,7.5%,10%,12.5% TiO2/PVA composites) .The films 
were about 50 μm in thickness. The thicknesses of films were controlled by using the same 
amount of total materials and the same glass Petri dish size. 
 

3. Measuring Techniques 
 
X-ray spectroscopy:X-ray diffraction patterns were obtained using advanced 

refraction system XRD Scintag Ins., USA. The tube used was Copper radiation and the filter 
was Nickel. The relative intensity was recorded in scattering over an angular angle (2θ) of 
4-50o.  

Infrared spectroscopy:The infrared spectral analysis (IR) of the samples was carried 
out using PYE Unican spectrophotometer over the range 400-4000 cm-1. 

Ultraviolet/visible spectroscopy:The ultraviolet/visible absorption spectra of the 
samples under investigation were recorded on a Perkin Elmer 4B spectrophotometer over 
the range 190-1100 nm. 
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4. Results and Discussion 
 

4.1 X ray diffraction (XRD) 
 

The X-ray diffraction measurement has been done to investigate the nanostructure 
and crystalinity of pure and TiO2/ PVA polymer nanocomposites. Fig.1 shows XRD of Pure 
PVA, Pure TiO2 nanoparticle of anatase type and their composites (1.25, 2.5, 5, 7.5 and 10 
wt/wt /PVA) in the angle range of 2θ=5-70 ͦ. The  pure PVA the spectrum shows a broad 
peak between 2θ equates to 15 ͦ up to 30 ͦ, which contains the crystalline and amorphous 
regions [11]. While the pure TiO2 the spectra shows the peaks that characterizes the pattern 
of the crystalline anatase similar to those found in literature [12] 

 
 

 
 

Fig. 1: X-ray diffraction pattern for (a) Pure PVA (b) Pure TiO2 (c) TiO2/PVA composites. 
 
However, in the doped films 1.25% and 2.5% TiO2 /PVA , the peak of PVA 

(2θ=19.8o) can be observed in the samples along with only one Peak of Tio2 ,the most 
intense , (2θ=25.3 ) in addition to another new  peak at 2θ=32o  ,which have not been 
observed in pure PVA or in pure TiO2. These means the nanoparticles has been dissociated 
during the stirring by the ultrasonic waves and an interaction occurred between PVA and 
TiO2 indicated by the appearance of this new peak at 2θ=32o. The other doped samples (5%, 
7.5%, 10% TiO2 /PVA wt/wt) did not lead to disappearance of the any of the indexed peaks 
of nanoparticles , but in the same time accompanied with new peak at 2θ=32o  i.e. the doped 
samples have new modified structure. On the other hand the region of XRD concerning the 
semi crystalline of PVA, has been changed according to the percentage of loading of 
TiO2 .Certainly in the doped films the peak of PVA has been found to be increased in 
broadness and decreased in intensity, which indicate an increasing in the amorphous region 
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of PVA in the doped films after doping with TiO2 .The numbers of hydrogen bonds are 
formed between the layers of PVA are responsible for the crystallization of the polymer. So 
the interaction between PVA chains and TiO2 particles ( via hydroxyl bonds) led to the 
decrease of intermolecular interaction of PVA chains, which would result in decreasing the 
crystalline degree of PVA depending on the loading of TiO2 and its homogeneity of 
dispersion in the composites samples. The possibility of interaction between PVA and TiO2 
is resulted due to that Ti+ ions interacted with hydroxyl groups presented in the side chain of 
PVA. This interaction maybe confirmed by the appearance of the peak at 2θ= 32o. 

The average grain size of all the samples was estimated from X-ray line broadening 
analysis by Scherer's formula [13] 

 

݀ ൌ ఒ

ఉ௦ఏ
																																														ሺ1ሻ   

 
Where K represents a Scherrer’s factor, λ is the X-ray wavelength, β is the value of 

the FWHM and θ is the Bragg's angle. The value of grain size was found to be about 26 nm 
for pure TiO2 and 27nm for all the composites in average. 

 
4.2 FTIR spectroscopy 
 

      FTIR is considered as an important tool for investigation of polymer composites 
structure, where it illustrates the occurrence of interaction between the various consistent 
according to the induced changes in the vibration modes and the band position. Fig. (2-a) 
shows the infrared spectrum and the assignment of the most evident absorption band of pure 
PVA thin film between 400-4000cm-1. It appears that there is no appreciable difference in 
the absorption band of PVA when compared with that previously reported [14]. A broad ʋ 
(OH) absorption band is observed around 3434cm-1 for PVA indicating the presence of 
polymeric association of the free hydroxyl groups and the bounded OH stretching vibration 
[15]. Moreover, the few absorption peaks located between 3450-3230cm-1 are related to 
stretching band of OH hydroxyl groups that are free or bounded [16]. Two distinct 
absorption bands located at 2940 and 2916 cm-1 result from ʋas (CH2) and symmetric ʋs 
(CH2) stretching band of CH2 groups respectively. Also, the shoulder peak at 2836cm-1 has 
been assignment as ʋ (CH) stretching vibration. The band at 1732 and 1569 cm-1 attributed 
to the stretching modes of carbonyl (C=O) group due to the residual acetate group [17]. The 
band 1732 cm-1 was observed in gamma radiolysis owing to Ketonic on acitic type carbonyl 
group [18]. The symmetric bending mode (CH2) is found at 1430 cm-1. The band at 1375 
cm-1 is assigned to the mixed (CH and OH) bending modes and attributed to the associated 
alcohols. The band around 1257 cm-1 is assigned as ʋw (CH) wagging vibration. The 
stretching band at 1133 cm-1 is known to be the crystallization –sensitive band of PVA and 
is a measure of the degree of crystalinity [19] arises from the symmetric ʋ(C-C) stretching 
mode related to the regular repeating of the Trans – configuration of the zig zag chain in the 
crystalline region [20]. This band inferred that it might be due to a kind of absorption 
mechanism related to the presence of oxygen atom [21]. The band at 918 cm-1 has been 
related to syndiotachic structure and is assigned to rocking vibration. The band 849 and 608 
cm-1 are assigned to ʋ(C-C) stretching vibration and ʋ (OH) out of plane (OH) bending [22]. 
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 Fig. 2: Infrared spectra for (a) Pure PVA (b) Pure TiO2 (c) TiO2./PVA composites 
 

Fig. (2-c) illustrates the IR spectra of TiO2 /PVA composite films with different 
percentage weight ratios, the spectrum shows all the PVA peaks but with small shift and 
different intensity. In addition a strong broad absorption band centered at 3452 cm-1 was 
observed and it is assigned to the Ti-OH. This absorption wide band arises due to the 
hydrogen bonding between the OH of PVA molecules with the titanium ions Ti+ and allows 
forming charge transfer complex. These charge transfer complex suggests that number of 
charges must increases with increasing TiO2. The observed changes in microstructureral 
properties of polymer depend on the dopant that interacts with the host polymer. The dopant 
serve as an electron acceptor (due to its higher electron affinity) while Polymer PVA act as 
an electron donor and the interaction shows a strong dependence of the donor – acceptor 
mechanism between the metal ion and the polymer within the composite [24] . From Fig. 
(2-c) one can see how much the variation of the assignment groups according to the weight 
ratios relative to the pure PVA. The most changed group in position and intensity is 
observed for OH group and the same trend is found for the groups CH binding, CH rocking, 
C-O stretching and Ti-O-Ti ,where these  modes are shifted to forward or backward location 
but with less percentage than that observed  for OH group . One must pay an attention to the 
new absorption band centered at 514 cm-1 which was attributed to Ti-O-O bond and all the 
absorption peaks that located between 450 and 600 cm-1 which assigned to the Ti-O-Ti bond. 
These peaks increase in intensity as the dopent are changed indicating that the dopant 
interacts considerably with the PVA molecules through two ways both or one of them .As 
the dopant may reside with the amorphous and/or the semi crystalline regions forming 
charge transfer complex or it may exist in the form of molecule aggregates between the 
polymer chains of PVA according to the percentage loading of TiO2. The possibility of the 
interaction between TiO2 and PVA with different percentage ratio is confirmed from the IR 
measurement due to the change in the fingerprint regions of the IR spectra as well as the 
notable changes in the shape and intensities in the region of 3000 up to 3500 cm-1 and the 
significant changes below 1000 cm-1. 
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4.3 UV-Visible spectroscopy   

The study of UV-visible absorption spectra is considered the most important tools 
for elucidation and understanding the electronic structure of the material under investigation 
through the determination of the optical band constants. Fig (3-a, b, c, d, e and f) shows the 
electronic absorption spectra (UV-Vis spectra) of pure PVA and TiO2 /PVA composites. 
 

 
 
 

Fig. 3: UV-Visible absorption spectra for (a) Pure PVA (b) 1.5 (c) 2.5 (d) 5 (e) 7.5 (f) 10wt% TiO2 
 
For Pure PVA the observed absorption band at λ=198 nm is assigned for π-π⃰ 

transition and the absorption band at 281 nm is assigned to n-π⃰, another shoulder peak is 
observed around 208 nm, these peaks indicates the presence of unsaturated bond, C=O 
and/or C=C mainly in the tail-head of pure PVA polymer [25], The third absorption peak is 
followed by a transparency region in the longer wavelengths. The anatas TiO2 nanoparticle 
has an optical band gap (3.2 e.V) [41] of 388 nm. The Tio2 absorption is appeared as 
broadening absorption band in the TiO2 /PVA composites, and its intensity depend upon the 
load of TiO2 in the composites. Additionally the absorption peaks for the PVA are observed 
in all the composites .It can be noticed that the absorption increases in general with 
increasing dopant ratio. This observation confirming the existence of the interaction 
between the nanoparticles of TiO2 with PVA and we obtained new structures for the 
composites of TiO2 /PVA. This interaction occurs due to hydrogen bonding mainly between 
Ti ions and adjacent –OH group of PVA. Increasing the ratio of nanoparticles TiO2, causes 
the UV radiation absorption edge to move towards the longer wavelength region for all the 
composites especially for the two samples 7.5% and 10 % weight percentage TiO2. The 
transparency is good for low loading composites but not for 7.5%-10% samples. The good 
transparency for visible light is a particular feature of the inorganic/polymer nanocomposite 
certainly at low concentration, when the aggregation of the nanoparticles is inhibited. The 
observed irregularity in absorption of UV by the composites of high loading TiO2 
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nanoparticles of percentage weight 7.5% and 10% wt/wt TiO2 / PVA may be due to the 
elastic scattering of the incoming UV light upon these samples. This can happened when the 
particles size are smaller than the wavelength λUV (190-400 nm), or may we have an 
electron transition occurs in Ti+   ions. 

 The absorption coefficient α (λ) is calculated from the experimental optical 
absorption spectra using the relation 

ሻߣሺߙ ൌ 	
1
݀
݈݊
1
ܶ
ൌ ൬

2.303
d

൰A																																																						ሺ2ሻ 

Where d is the film thickness, T is the transmittance and A is the absorbance. The 
fundamental absorption edge (Eed ) is considered as the lowest optical energy gap in 
material, it is obtained at the point where there is an abrupt rise in absorption. The 
absorption edge in any disordered materials follows the Urbach rule [26] given by  

ሻݒሺߙ ൌ ߚ exp ൬
ݒ݄
∆E
൰																																																														ሺ3ሻ 

Where β is constant and ΔE is the activation energy which represents the width of 
the tail of localized states in the forbidden gap. 
 

 
 

 Fig. 4: Absorption coefficient as a function of Photon energy  (a) Pure PVA(b) 1.5 (c) 2.5  
(d) 5(e) 7.5 (f)10wt% TiO2 

 
Fig. (4- a, b, c, d, e , f and g) shows the dependence of the absorption coefficient on 

the photon energy for pure PVA, pure TiO2 and different TiO2/PVA composites. The 
absorption values increases by increasing the nanoparticles ratio which means more light 
absorption in higher doped films. This plot exhibit a steep rise near the absorption edge and 
then rapidly increase in a straight line relationship in the relatively high α region. This rapid 
increase of α is attributed to inter band transition with photon energy. The intercept of 
interpolation to zero absorption with photon energy axis was taken as the value of 
absorption edge that is listed in the table (1). The values of the absorption edges for the 
investigated samples decrease with increasing the percentage weight of the nanoparticles of 
TiO2. This reduction of the absorption edge can be attributed to the changes of the 
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crystallinity induced by TiO2 nanoparticles which consistent with earlier X-rays data. In 
addition, this may be reflecting the induced changes in the number of available final states 
according to the composition ratio. 

The absorption tail in amorphous and semi crystalline material can be interpreted in 
term of the Urbach's relation (4). The band tail may be caused by many kinds of structure 
disorder such as point defects, alloying disorder, inhomogeneous strain, and exaction 
absorption and impurity level in the middle of band gap. Fig.( 5-a, b, c, d, e and f)  Shows 
the logarithmic variation of the absorption coefficient with photon energy. The relation is 
linear in the low energy region .The slope of the line for each case was evaluated to obtain 
the band tails in table (1) corresponding to each doping concentration. The values of the 
band tail ΔE for the composites are higher than of pure PVA, ΔE increases as the dopent 
ration increase. The increase of  ΔE with increase doping means that the cluster size of TiO2 
nanopartiles increase i.e. there is rise in atomic densities due to the bonding between TiO2 
and pure PVA or formation of dopant aggregates lead to increase in the defect size and a 
modified band form could be considered . Therefore TiO2 modified the electronic structure 
as well as the microstructure of PVA upon doping via deformation potential, coulomb 
interaction and formation localized band states [27]. 
 

 
 

      Fig. 5: Relation between  Ln(α) as a function of photon energy for(a) Pure PVA 
(b) 1.5 (c) 2.5 (d) 5 (e) 7.5 (f)10wt% TiO2 

 
 

The absorption coefficient related for the inter-band transition near the fundamental 
absorption edge the Tauc equation given by [28]  

ߙ ൌ
ߚ
ݒ݄

ሺ݄ݒ െ  ሺ4ሻ																																																																	ሻܧ

Where hʋ  is the photon energy , Eg is the optical energy gap ,β is constant and m is 
empirical index which is equal to (2) for indirect transition as we found in TiO2/PVA 
system .The spectral distribution of(αhʋ)1/2 for the studied sample are shown in Fig.( 6-a, b, 
c, d, e and f). The values of the Eg of the indirect transition are obtained by extrapolating the 
linear region of the plot to (αhʋ) 1/2 =0. The graph representing the relation between  (αhʋ)1/2 
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and hʋ may be resolved into two straight lines, the straight line obtained at lower photon 
energy correspond to phonon absorption process and the other at higher phonon energies is 
due to emission process.The value of Eg for PVA pure is found to be (4.8 e.V) which is 
nearly similar to that calculated  by other researchers (5.1 e.V) [29]and (5.05e.V) [30].Eg 
values for all samples are listed in table (1) .The value of Eg for pure PVA is higher than all 
the composites and it decreases with increasing the TiO2 nanoparticles in the host matrix of 
PVA indicating the formation of some defects (additional energy levels ) .These defects 
produce localized states in the optical band gap that increase with increasing the 
concentration of the defects. The lowest values of Eg are found to be corresponding to the 
samples 7.5% and 10% TiO2 /PVA. Indicate clearly the changes of the microstructure as 
well as the electronic structure of the polymer. 

 

 
 
 
Fig. 6: The variation of (αhʋ)1/2 against (hʋ) for(a) Pure PVA(b) 1.5 (c) 2.5 (d) 5 (e) 7.5 (f) 10wt% 

TiO2 
 

 The study of the optical constant in the vicinity of the absorption edge has yield 
significant information on the role of various atoms or molecules in the composite system. It 
is known that, if a multiple reflections are neglected, the reflectance R of the sample can be 
calculated from the experimental measured values of the transmittance T and absorbance 
using the following equation [31]. 

ܴ ൌ ሾ1 െ  ሺ5ሻ																																																										ሿଵ/ଶܣݔ݁ܶ
Also, the extinction coefficient k is given as 

݇ ൌ
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Using the values of k and R, the refractive index can be determined from the 

following equation [32]. 
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Fig. 7: Variation in refractive index (n) with wavelength for(a) Pure PVA(b) 1.5 (c) 2.5 (d) 
5 (e) 7.5 (f)10 wt% TiO2 

 
Fig .(7-a, b, c, d, e and f)  shows the n (λ) in the visible region for all the investigated 

samples .It is clear that the refractive index decrease slowly with increasing the wavelength 
showing typical shape of a dispersion curve .The value n is reached to constant nₒ at longer 
wavelength,no(n∞) can be calculated  by taking the  tangent of the plotted  line at the lone 
wavelength the intersection with the n axis is n0.  The value of the refractive index of PVA 
is found to be (1.4) which is close to the value that is found in literature (between 1.48-
1.52)[33]. The values of nₒ for the composites are higher than the refractive index of pure 
PVA as seen in table (1). The refractive index is a fundamental property of the material, it is 
closely to the electronic polrizability of ions and local field inside the material. It is worth to 
mention that the production of high refractive index in transparent composite films is 
essential for development of many photonic applications such as ultra-low loss optical 
waveguide and more efficient given for   nonlinear devices. 
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Table 1: Optical parameters of single oscillator for  PVA and TiO2/PVA nanocompsites 
 

no (1)  
Eg 

(e.V)
ΔE 
(e.V)

Eed   

(e.V) 
Sample TiO2/PVA 
 (wt/wt %) 

1.4 4.8 0.2 5.1 0 
1.9 4.2 0.4 4.7 1.5 
2.4 3.50.8 4.3 2.5 
2.3 2.71.2 3.5 5 
3.6 1.8 1.4 2 7.5 
4 1.5 1.6 1.8 10 

 
4.4 Optical dielectric properties 

One of the most optical properties is the complex dielectric function ε , which is a 
fundamental intrinsic property of the material 
It  measure  the ability of a material to interact with an electric field and become polarized b
y the field. The  real part of the dielectric constant shows how much it will slow down the 
speed of light in the material  and related to the stored energy within the medium, whereas 
the imaginary part shows how a dielectric material absorb energy from an electric field due 
to dipole motion .the knowledge of the real and imaginary parts of the dielectric constant 
provides information about the loss factor which is the ratio of the imaginary part to the real 
part of the dielectric constant ,the real and imaginary part of the dielectric constant can be 
estimated using the relation [34] 

 
ࢿ ൌ ࢿ   	ሺ8ሻ																																																																										ࢿ

 
The real part ε1 and the imaginary part ε2 of this description are both frequency 

dependent quantities. According to the single- oscillator model [35]given by Wemple-
DiDomenico, each electron is assumed to behaves as an oscillator . So, the real part of 
dielectric constant is expressed as  

 

ଵሺ߱ሻߝ ൌ 1  ߱ଶ
݂
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Where ωp is the plasma angular frequency, fn is the electrical dipole oscillator 

strength for the transition at frequency ωp .  
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Where ε∞ is the high frequency dielectric constant in the absence of any contribution 
from free carriers, N is the carrier concentration and m* the effective mass ratio. For ω < ωp 
the sum over the oscillators can be separated into two parts, the dielectric constant becomes, 
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Wemple–DiDomenico [36] had proposed that by including the higher order terms of 

equation (11) into the first resonant strong oscillator, the dielectric constant can be written 
as:  
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ቋ																																												ሺ12ሻ 

 
In this single oscillator approximation Ed is defined as dispersion energy which has a 

meaning of the oscillator strength of the inter-band transition and describes the dispersion of 
the refractive index. The other parameter Eo has a meaning of the average inter-band 
transition that have a straight forward relation with dipole strength. Finally, the dielectric 
constant for any material has been given as [32]: 

 

ଵሺ߱ሻߝ ൌ ݊ଶሺ݄ݒሻ െ 1 ൌ
ܧௗܧ

ܧ
ଶ െ ሺ݄ݒሻଶ

																																ሺ13ሻ 

By means of these dispersion parameters, the Ed considered as a parameter having 
very close relation with charge distribution within unit cell and therefore with the chemical 
bonding given as[36]: 

 
ௗܧ ൌ ߚ ܼܰ ܰ																																																													ሺ14ሻ 

 
Where Nc is the nearest-neighbour cation coordinate number, Zα is the formal anion 

valancy, Ne is the affective number of valance electrons per anion and β is constant whose 
value depends on the chemical bonding character of materials. β=0.26 e.V for ionic 
compound and 0.39ev for covalent compound [37]. Also, Eo has usually been considered as 
an average energy gap Eg and is empirically related to the lowest direct band gap Eg as [38]: 

 
ܧ ൎ  ሺ15ሻ																																																																ܧ1.5

 
For further analysis of the optical data, the contribution from the free carrier electric 

susceptibility to the real dielectric constant is discussed according [39]: 
 

ଵߝ ൌ ∞ߝ െ ቈ
݁ଶ

ଶܿߨ
 ൬

ܰ
݉∗൰ ߣ

ଶ ൌ െ4߯ߨ																													ሺ16ሻ 

 
Where ε∞ is the high frequency dielectric constant in the absence of any contribution 

from free carriers, χe is the dielectric free carriers susceptibility and N/m*  is the carrier 
concentration to the effective mass ratio (i.e. is the electronic charge) and c is the velocity of 
light). By drawing  ε1 as a function of λ2  ,the relation is found to be linear the slop is equal 
to (e2/πc2 )(N/m*  ) and the intersection is equal to ε∞ .The refractive index at longer  
wavelength no is equal to  √ߝ∞	    . It is calculated for all the samples and denoted as no (2) to 
be differentiated from the first value calculated from figure (7) .The values of calculated no 
(2) , (N/m*  ) and the other constant  are illustrated  in table( 2). Now equation (13) may be 
written in the form 

 

ሺ݊ଶ െ 1ሻିଵ ൌ
ܧ
ௗܧ

െ
1

ܧௗܧ
ሺ݄ݒሻଶ																																												ሺ17ሻ 

 
By plotting (n 2-1)-1 versus (hʋ)2 and fitting the data to the best straight line which 

has a  negative slope(1/EoEd )and intersection Eo/Ed. For all the investigated sample of the 
different weight percentage of TiO2 nanoparticles, the estimated values of Ed and Eo are 
given in the table (2).   
 



A.M. Shehap and Dana S. Akil / Structural and optical properties of TiO2 nanoparticles/PVA… 

 

30 
 

 
 

 Fig. 8: Plots of (n2-1)-1 as a function of (hʋ)2  for (a) Pure PVA(b) 1.5 (c) 2.5 (d) 5 (e) 7.5 
(f)10wt% TiO2 

 
One can see that the average value of oscillator energy Eo for  the composite samples 

and PVA is in the order magnitude of 1.4Eg, where Eg is as estimated previously in table (2). 
This close consistence means that the single oscillator energy Eo gives a quantitative 
information on the overall band structure of the material average gap and corresponds to the 
distance between the centre of gravity of the valence and conduction bands. The dispersion 
plays an important role in research for optical materials, it is a significant factor in optical 
communication and in designing devices. The complex refractive index (n=n+ik) and 
dielectric function (ε=ε1+ iε2) are fundamental physical quantities for characterization. Real 
and imaginary parts of the dielectric constant are related to n and extinction coefficient 
k(k=αλ/4π ) values by using the formula 

 
ଵߝ ൌ ݊ଶ െ ݇ଶ																																																																						(18) 

ଶߝ ൌ 2݊݇																																																																						ሺ19ሻ 
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 Fig. 9: The variation of ε1 and ε2 against  the wavelength for (a) Pure PVA(b)1.5(c) 
2.5(d) 5wt% TiO2 

 
The variation of ε1depend mostly on n2 since k2 is so small, while the variation of ε2 

mainly depend on k which are related to the variation of the absorption coefficient [40]        
The variations of  the real and imaginary parts dielectric constant with the 

wavelength indicate the presence of interactions between the incident photon and electrons 
in the composite films. This interaction is wavelength dependent, and it is attributed to the 
orientation of polar groups which depends on the composite types. On the other hand, the 
parameters of the single oscillator model Eo and Ed are related to moments of the optical 
spectra M2 and M3 through the relation given by Wemple–DiDomenico[32]as:  

 

ܧ
ଶ ൌ

ଶܯ

ଷܯ
																																																																							ሺ20ሻ	 

ௗܧ
ଶ ൌ

ଶܯ
ଷ
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																																																																						ሺ21ሻ 

 
Where generally the r th momentum of the optical spectrum is given by : 
 

ܯ ൌ න ଷିଶܧ
∞

ா′

 ሺ22ሻ																																																										ܧሻ݀ܧଶሺߝ
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Where E=hʋ , ε2(hʋ)  is the imaginary part of the electronic dielectric and Eg`  is the 
lowest band gap energy . The real part ε1 is represented by a single Sellmeier oscillator at 
the low energies as: 

 
	ଵߝ െ 1 ൌ ܨ ሺܧ െ ⁄ሻܧ 																																																							ሺ23ሻ 

 
F is the dipole strength related to Eo and Ed as 
 

ܨ ൌ  ሺ24ሻ																																																																							ௗܧܧ
 
The single oscillator theory presents M1 as:  
 

ଵܯ ൌ නߨ2 ܧଶ݀ߝܧ ൌ ሺ	2 ൗߨ 	ሻଶ
∞

ாೞ

ሺħݓሻଶ																																									ሺ25ሻ 

 
Where (ħωp) is the plasma energy of the valence electrons, and the average gap 

could be defined as: 
ܧ

ଶ ൌ ሺħݓሻଶ ሾߝଵሺ0ሻ െ 1	ሿ⁄ 																																																		ሺ26ሻ 
 
Where ε1 (0) is the static electronic dielectric constant and the combination between 

equation 25 and 26 yield the following expression  
 

ܧ
ଶ ൌ ଵܯ ⁄ଶܯ 																																																														ሺ27ሻ 

 
The calculated  data in table (2) shows that the values of the spectra momentums M1, 

M2, M3 are increasing  with the increasing of TiO2 nanoparticles within the matrix PVA.  
 
 

Table 2: optical parameters of the single oscillator for PVA and TiO2/PVA nanocompsites 
 

Sample 
TiO2/PVA 

(wt %) 
 ሺሻ

 ࡱ
(e.V) 

 ࢊࡱ
(e.V) 

 ࡹ ࡹ ࡹ
N/m*(10ସହ) 

Kg -1 
 10ଵଶ*࢝

e.V  

0 1.3 4.9 3.4 0.029 0.69 15.98 6.3 2.9 
1.5 1.8 4.3 9.6 0.12 2.23 39.38 7.8 3.3 
2.5 2.3 3.63 15.6 0.326 4.29 52.64 11.2 3.9 
5 2.3 2.75 11.8 0.56 4.29 31.27 14.8 4.6 

7.5 3.4 1.88 19.9 2.99 10.58 34.29 16.6 4.8 
10 3.8 1.62 21.8 5.13 13.46 30.27 16.8 4.9 

 
The long wavelength refractive index no and the average oscillator wavelength λₒ 

and oscillator strength So parameter for the composites investigated samples can be 
determined by the single oscillator model as: 

 
ሺ݊

ଶ െ 1ሻ
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 Fig. 10: Relation between (n2-1)-1 and  λ-2 for (a) Pure PVA(b) 1.5 (c) 2.5(d) 5(e) 7.5 
wt%TiO2 

 
The no(3) values for the composite films was obtained from the linear part of the 

curve of (n2 -1)-1 Vs λ-2, taken below the absorption edge, as shown in Fig. (10- a, b, c, d, 
and e)  The intersection with (n2 -1)-1axis is (no

2 -1)-1 and no
2 at λₒ equal to ε∞ (high 

frequency dielectric constant) . 
 Rearranging equation (28) gives [39]:  
 

ሺ݊ଶ െ 1ሻ ൌ
ܵߣ

1 െ ሺఒబ
ఒ
ሻଶ
																																																								ሺ29ሻ 

 
Where (So = no

2/ λₒ2) is the average oscillator parameter, which is the strength of the 
individual dipole oscillator. The values for (3) So, λₒ and ε∞ are indicated in the table 3. 

 
Table 3: single oscillator parameter of Pure PVA and TiO2 nanocomposites 

 

 ሺ3ሻ
Sₒ (10ହ) 
(nm-1) 

 ∞ࢿ
(F/m) 

(λ0 ) 

(nm) 
Sample TiO2/PVA 

(wt/wt %) 
1.35 6.79 1.82110 0 
1.87 1.41 3.5 421 1.5 
2.32 2.23 5.34 443 2.5 
2.36 2.26 5.57 450 5 
3.5 4.13 12.3 522 7.5 
3.9 4.8 15.2 544 10 
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It can be seen from the table (3). the refractive index no (3) calculated from the 

single oscillator model is close to the previously calculated  values no (2) and no (3). The 
value of  ε∞  increases with  increasing TiO2 .This means that the lattice vibration and 
bounded carriers varies with different concentration of TiO2 nanopartlices.  
 

5. Conclusion  
 
 The spectroscopic investigation revealed that the Ti+   ions of the dopant 

interacts with OH groups of PVA and forms a complex via intra/inter 
molecules hydrogen bonding.  The microstructure changes due to complex 
formation observed through the investigation of the spectra of X-ray 
diffraction IR and UV-Vis spectra for different content of TiO2 nanoparticles 
in PVA. 

 The decreasing of the optical energy gap depends upon the increasing of the 
dopant content.  

 The refractive index is found to be enhanced with increase the dopant content. 
The increase of n for higher doped PVA films is significant for material that 
could be used for fabrication of optical waveguides and photonic circuits.  

 In term of the Tauc method and Wample DiDominco model, the optical band 
gap Eg and the average inter-band transition energy Eo were found in good 
agreement for the type of indirect transition. 

 Values of the dielectric constant are higher than the imaginary part. 
 The moments M2 and M3 are increase with TiO2 accordingly the dispersion 

energy Ed fellow the same trend.  
 Finally titanium oxide nanopartices plays an important role in modification 

of the optical and dialectical properties of PVA to make it more applicable.  
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