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Abstract. Titanium dioxide (TiO2) nanoparticle (NP)-filled poly(vinyl alcohol-co-acetate) [PVA/Ac]–polyvinyl

pyrrolidone (PVP) blend composite films were prepared with filler level (FL) ranging from 0.0 to 4.89 wt% by solution

casting technique. Scanning electron microscope images showed the uniform distribution of the nanofiller (NF) at low FL

and the aggregation of the filler at higher FLs. Energy dispersive X-ray spectrometry was used to determine the elemental

constituents present in the composite samples. The ultra violet–visible spectral data of the prepared composite films,

obtained in the wavelength range of 190–1000 nm, were exploited to investigate the linear and nonlinear optical prop-

erties. The incorporation of TiO2 NPs in PVA/Ac–PVP blend resulted in decrease of the optical bandgap. The type of

transition was found to be indirect allowed transition in k-space. The values of linear optical parameters, including

absorption coefficient (a), refractive index (n), real (e1) and imaginary (e2) parts of dielectric constants of the composite

films increased with increase in FL. Wemple and Didomenico method was used to determine the dispersion parameters.

The value of high energy dielectric constant (e?) extracted from two different methods were in good agreement with each

other and were found to vary as a function of FL. Linear optical susceptibility (v(1)) and nonlinear optical parameters such

as nonlinear refractive index (n2) and third-order nonlinear optical susceptibility (v(3)) were enhanced due to the incor-

poration of the TiO2 NPs in PVA/Ac–PVP. Sample with FL of 4.89 wt% exhibited a maximum n2 value of

50389.1 9 10–17 esu, while for pure PVA/Ac–PVP blend, it was 1.3 9 10–17 esu. Thus, it can be seen that the incor-

poration of TiO2 NPs has enhanced the optical properties of the resulting composite, and this material can be considered

as a promising material for flexible optoelectronic applications.
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1. Introduction

Synthesis of new polymeric composite materials and the

study of their electrical and optical properties have been the

focus of contemporary research in material science. This is

due to the suitability of these composites to be utilized in

various applications, including electrochemical cells, fuel

cells, supercapacitor and batteries [1–5]. The interesting

optical properties exhibited by the new composite materials

are explored in order to utilize them in the fabrication of

optical devices like sensors and light-emitting diodes (LEDs).

The optical characterization of a polymeric composite

material includes the use of techniques such as UV–visible

absorption, Raman spectroscopy studies and photolumines-

cence studies, which are helpful to elucidate the electronic

properties of the material [6–9]. UV-Visible spectroscopy is

based on the electronic transitions taking place between the

highest occupied molecular orbital and lowest unoccupied

molecular orbital of the material due to its interaction with

electromagnetic radiation in the ultraviolet (UV) and visible

regions of the electromagnetic spectrum. Incorporation of a

suitable filler or/and blending of the polymer with some other

polymer are some of the most popular and easiest methods

which have been adopted in order to obtain a polymeric

composite material with desired properties, for their use in

optoelectronic applications [10–13]. It is to be noted that the

changes in the optical properties exhibited by a particular

polymeric composite material greatly depends on the type of

additive which has been incorporated in the base polymeric

material and its concentration (which can be used to tailor the

properties accordingly). Additives/fillers are introduced into

the polymer matrix with a view to enhance the material

properties, along with an intention to dilute the material with

something that is cost effective. But, the incorporation of a

nanofiller (NF) as an additive not only results in the

improvement of one or more functional properties, but also

renders the material useful for different applications [14–18].

The incorporation of a filler in the polymeric matrix could

lead to changes in the chemical composition of the resulting

material, which can be manifested as modifications in its

optical properties due to the changes in the power of polar-

ization, coordination number and the number of nonbonded
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functional groups within the polymer matrix [19]. UV–visible

spectroscopy is an important technique to determine the

various optical parameters and also to study the interaction

between the components (in the NF) incorporated in poly-

meric materials [20]. The optical absorption spectra show

changes in the intensity and shifts in the absorption edge and

the formation of new intermediate band/ bands due to opti-

cally induced transitions in noncrystalline and crystalline

materials. This provides a better insight into the energy band

structure of the new material, and thus helps to predict their

applicability in certain areas, such as optoelectronics. The

study of linear and nonlinear optical parameters (optical

bandgap, linear and nonlinear refractive index and third-order

nonlinear susceptibility) of these composites are crucial for

exploring their potential applications [21–25].

Recently, the incorporation of inorganic NFs as additives

in polymeric host materials has attracted significant scien-

tific and technological interest. This is because, the incor-

poration of inorganic nanoparticles (NPs) in a polymer

results in new and high-performance materials with

enhanced optical, electrical, thermal and mechanical prop-

erties due to the combined effect of both inorganic (filler)

and organic (polymer) components. Polymer composites

with inorganic filler are greatly used in optical [26], mag-

netic [27–29], mechanical and biomedical applications

[30,31]. Of all the inorganic NFs, semiconducting nano-

fillers (SN) have created extensive research interest. Some

of the most frequently employed SN includes lead sulphide

(PbS) [32], cadmium sulphide (CdS) [33], zinc oxide (ZnO)

[34] and TiO2 [35]. Of these, the fillers such as PbS, ZnO or

TiO2 in polymer matrix are popularly used as effective

optical additives [26]. These materials are extensively

studied for various optical applications, such as light

absorption, photoluminescence, extreme refractive index,

dichroism, electromagnetic wave absorption and electro-

magnetic interference shielding [36].

The use of inorganic semiconducting NPs such as ZnO

and TiO2 incorporated in polymeric materials as photo-

protective materials (UV absorbers) are of great interest due

to their photostability. Titanium dioxide (TiO2) or titania,

when used as filler, is a typical absorber of electromagnetic

radiation, which selectively absorbs UV light and re-emits it

at a less harmful wavelength, mainly in the form of heat

[37]. TiO2 NPs are effectively used for redox processes and

also in photoelectrochemical cells [38]. TiO2 NPs, due to

their photocatalytic behaviour and low cost are widely used

in environmentally relevant applications, such as air and

water purification [39], and the degradation of the organic

contaminants [40].

PVA/Ac–PVP blend is known for its versatile properties,

which make it suitable for vital applications such as energy

storage devices, drug delivery and tissue engineering. This

blend exhibits excellent miscibility and water absorbing

properties, when combined in the ratio of 1:1 [41]. The

properties of PVA/Ac–PVP blend depends on the extent of

miscibility of its components. Literature reveals that there is

formation of thermodynamically miscible blends in almost

all possible compositions of PVA/Ac and PVP, due to the

interaction between the hydroxyl (OH) and carbonyl (C=O)

groups of PVA/Ac and PVP, respectively [41]. The blend-

ing of PVA/Ac with PVP makes available more number of

polar groups which are found in the side chains of the

polymeric blend (which provides sites for the interaction of

Ti? of the TiO2 NPs with molecules of the polymeric blend)

[42]. As a result of this interaction, interesting changes in

the optical, thermal and electrical properties of the resulting

composite can be expected; these properties can be tailored

by varying the concentration of the titania NPs in the host

polymeric blend [42]. PVA/Ac and PVP are chosen to be

the components of polymeric blend matrix. This blend

exhibits attractive properties, being water soluble,

biodegradable and nontoxic. PVA/Ac is marked by its

excellent charge storage capability. PVA/Ac when incor-

porated with different inorganic fillers, exhibits FL-depen-

dent electrical and optical properties. This is due to the

presence of OH groups on its side chains, which provide

sites for interaction of the polymer molecules with the filler

[43–45]. PVP usually exhibits low electrical conductivity,

and therefore it is employed as a dielectric material for the

fabrication of organic thin film transistor and other opto-

electronic devices [46,47]. PVA/Ac–PVP blend filled with

various NPs has been extensively studied for a wide variety

of applications [48–51].

The authors have previously reported the results of

spectroscopic, thermal, structural and electrical properties

of this composite sample (PVA/Ac - PVP blend filled with

titania NPs) elsewhere [42]. It is seen from the X-ray

diffraction patterns of these composites that the amor-

phousness of the sample increased due to the incorporation

of nano titania and the values of crystallite size were found

to be in nano metre scale. Thermal analysis on this sample

supported the XRD results by showing a decrease in the

glass transition temperature and increase in the thermal

stability of the samples with an increase in the FL. Fourier

transform-infrared (FT-IR) spectra revealed the formation

of a charge transfer complex (CTC) due to the interaction of

NFs with the polar groups of the polymeric matrix. Spec-

troscopic studies also indicated the decrease in the amor-

phousness of the sample with the increase in FL. This

increase in amorphousness of the composite sample, when

compared to that of the pure sample, resulted in the

enhancement of its electrical conductivity, as depicted by

DC and AC electrical studies. The sample with 4.89 wt% of

titania in PVA/Ac–PVP blend exhibited the highest con-

ductivity of 8.63 9 10-3 S m-1 at 363 K. The major con-

tribution to the electrical conductivity of these composite

samples was found to be from ions as concluded from the

results of the transference number determination. The aim

of this study is to gain a comprehensive understanding of

the optical properties of TiO2 NP-filled PVA/Ac–PVP

composites. This study focuses on the determination of

different types of electron transitions (due to absorption of
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UV–visible photons), along with linear and nonlinear opti-

cal properties of TiO2 NP-incorporated PVA/Ac–PVP blend

composites. Although literature reveals a significant amount

of work in the field of inorganic salt-filled polymer com-

posites for various applications, it is to be noted that the

detailed study of optical properties of inorganic semicon-

ducting NPs in polymer blend is limited. The use of inor-

ganic semiconducting NPs such as TiO2 in a polymeric

blend such as PVA/Ac–PVP can be expected to result in a

composite material with unique combination of material

properties. A detailed study of the optical properties of these

composite materials is helpful to understand their properties

and the same can be exploited to design and fabricate

materials for new and interesting applications, such as

optoelectronic and magneto-optic applications.

2. Experimental

2.1 Sample preparation

Details regarding the preparation of TiO2-filled PVA/Ac–

PVP composites are given elsewhere [42]. For the sake of

completeness, a few aspects are specified here. Solution

casting technique was used to prepare TiO2-filled PVA/Ac–

PVP composites with filler level (FL) ranging from 0.01 up

to 4.89 wt%. PVA/Ac and PVP were used as the compo-

nents of the blend. Both partially hydrolysed PVA (PVA/

Ac) and PVP were used as-received from HiMedia Labo-

ratories Pvt. Ltd., Mumbai. Anatase TiO2 NPs was used as

the NF. Polymer blend was prepared by dissolving 2 g each

of PVA/Ac and PVP in 100 ml of double-distilled water by

constant stirring for 24 h. Appropriate amount of TiO2 NP

was dispersed in double-distilled water. This solution is

later transferred into PVA/Ac–PVP aqueous blend in dif-

ferent volumes and stirred well. Later, TiO2 NP dispersed

PVA/Ac–PVP aqueous solution was poured into clean Petri

dishes and kept in an air-cooled oven for the evaporation of

water molecules. After drying, the films were peeled from

the substrate and stored in a desiccator for further studies.

The FL is calculated using equation (1),

FL ðwt%Þ ¼ mf � 100

mf þ mp

: ð1Þ

In equation (1), FL is the filler level, mp is the mass of

polymer (PVA/Ac–PVP) and mf is the mass of filler.

2.2 Methods

Scanning electron microscope (SEM) images along with

energy dispersive X-ray spectrometry (EDS) spectra for

pure and TiO2 NP-filled composites were obtained using

Nova Nano SEM, a field-emission scanning electron

microscope coupled with EDS instrumentation. Optical

spectra have been recorded using Hitachi U 3310

UV-Vis-NIR spectrometer, in wavelength range varying

from 190 up to 1000 nm, at 25�C.

3. Results and discussion

3.1 SEM and EDS analysis

The incorporation of TiO2 NPs into the PVA/Ac–PVP blend

has drastically affected the surface morphology of the

material, which has been studied using SEM. The SEM

images were obtained using Nova Nano SEM, a field

emission scanning electron microscope coupled with EDAX

instrumentation. EDAX spectra along with the SEM images

(inset) for pure PVA/Ac–PVP blend and TiO2-filled PVA/

Ac–PVP blend composites are shown in figure 1. The SEM

images of pure PVA/Ac–PVP blend reveals a homogeneous

surface with no micro-structural or nano-structural features,

which is in fact expected for the homogeneous blend of

PVA/Ac and PVP. For the composites with FL of 0.01 wt%,

a good dispersion of TiO2 NPs in the polymer matrix is

observed (spherical nano-structures); but, aggregation of

TiO2 NPs is seen at FL 0.36 wt%. This aggregation results

in the formation of micro-structures at 0.89 wt% and

finally, phase separation is observed at 4.90 wt%.

The incorporation of TiO2 has helped to decrease the

crystalline regions of the polymer blend and the degree of

crystallinity is found to be lower in composite films at all FLs

when compared to that of the pure blend. This is also mani-

fested in the FT-IR analysis, which reveals a drastic reduction

in the intensity of the absorption band at 1114 cm–1 [42],

which implies a decrease in the degree of crystallinity of the

composite sample, when compared to the pure polymeric

blend [42]. The incorporation of TiO2 leads to an enhance-

ment of thermal, optical and electrical properties [42] of

PVA/Ac–PVP blend. The analysis of EDS spectra reveal the

elemental constituents present in these samples.

Figure 1 represents the EDS spectra for pure and TiO2

NP-filled PVA/Ac–PVP blend composites. EDS peak

assignments of pure and TiO2 NPs-filled PVA/Ac–PVP

blend composites are tabulated in table 1. The EDS scans of

PVA/Ac–PVP blend film shows the peaks due to fluores-

cence X-rays, which are attributed to C, N and O atoms

present in the host polymer matrix. For the TiO2 NP-filled

composite films, the fluorescence X-rays of Ti due to Ka1,

Kb1, La1 X-rays (characteristic or fluorescent X-rays) are

observed at energies 4.5, 4.9 and 0.45 keV, respectively. It

can be seen that there is an increase in intensity of the

characteristic X-ray peaks due to Ti with an increase in the

concentration of TiO2 NPs.

3.2 Optical analysis

3.2a Study of energy bandgap: Quantitative analysis of

optical properties of polymer nanocomposites is of great
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importance in order to determine the electronic density of

states and changes in the optical band structure of the

material as a result of adding filler. In order to study the

optical properties of PVA/Ac–PVP blend system, the

spectral distribution of absorbance was obtained as the

primary data, as a function of wavelength, in the range

Figure 1. EDS spectra (plots of registered events or Counts versus the energy of emitted characteristic X-rays) for pure and

TiO2 NPs-filled PVA/Ac–PVP blend composites (inset: the SEM images).
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varying from 190 upto 1000 nm. This data was further

exploited in order to determine the various optical

parameters.

When a polymeric material is exposed to electromagnetic

radiation, a part of the light gets absorbed, a part of it gets

transmitted and the remaining part of it gets reflected. So,

from the law of conservation of energy, it can be established

that the following equation holds good.

Aþ T þ R ¼ 1 ð2Þ

where A is the absorbance, T is the transmittance and R is

the reflectance. The value of T is determined from the

absorbance data by using the following relation.

T ¼ 10�A ð3Þ

Using equations (2) and (3), the value of R is determined.

Figure 2a shows the spectral distribution of A as a function

of wavelength (k). Figure 3a and b represents the variation

of T and R as a function of wavelength (k) of the incident

UV/visible radiation. A major absorbance peak at 220 nm

[52] and absorbance edge at 290 nm in the absorbance

spectra of pure PVA/Ac–PVP blend are due to n !p* and p
!p* transitions, attributed to C=C and C=O bonds,

respectively [53].

The UV–visible spectra of TiO2 show that the absorbance

has increased with an increase in the FL of TiO2 NPs in

PVA/Ac - PVP blend, due to the presence of light absorbing

centres in the form of CTCs, formed as a result of

Figure 1. continued

Table 1. EDS peak assignments of pure and TiO2 NPs-filled

PVA/Ac–PVP blend composites.

Element Assignment Energy (k eV)

C Ka1 0.277

N Ka1 0.392

O Ka1 0.525

Ti Ka1 4.5

Ti Kb1 4.9

Ti La1 0.45
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interaction of TiO2 NPs with molecular sites in the PVA/

Ac–PVP blend. Pure PVA/Ac–PVP blend sample shows

very less or no absorbance in the visible region (that is, for

wavelengths varying from 400 up to 800 nm). In the case of

TiO2 NP-filled PVA/Ac–PVP sample, an absorption band in

the wavelength region ranging from 200 up to 400 nm is

observed as a result of Ti–O band. Also, absorption bands at

360 and 450 nm are observed due to the electronic transi-

tions which occur in the TiO2 NPs and its aggregates in

TiO2-filled samples (especially in filled samples with FLs

0.89 and 4.89 wt%), on absorption of incident photons of

suitable energies.

The attenuation of radiation (electromagnetic radiation in

the UV and visible regions) by the sample can be more

precisely studied by using the data of its absorption co-

efficient (a) as a function of photon energy (see figure 2b);

the value of absorption coefficient being determined by

equation (4).

The activation energy (Ea) for optical transition is esti-

mated from the slope and y-intercept of the linear portion of

a plot of absorption co-efficient (a) as a function of photon

energy (E). The values of Ea are listed in table 2.

a ¼ 2:303 � A

d
ð4Þ

In equation (4), A is the absorbance and d is the thickness.

Energy bandgap (Ea) may be attributed to the electronic

transitions taking place from the highest occupied

Figure 2. (a) The plot of absorbance (A) vs. wavelength (k). (b) Plot of absorption coefficient (a) vs. photon energy (E) for pure and

TiO2 NP-filled PVA/Ac–PVP blend composite.

Figure 3. (a) The plot of transmittance (T) vs. wavelength (k). (b) Plot of reflectance (R) vs. wavelength (k) for pure and TiO2

NP-filled PVA/Ac–PVP blend composite.
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molecular orbital to the lowest unoccupied molecular

orbital of the host polymeric material, on absorption of

incident light photons of suitable energy. Since TiO2 NPs

are efficient UV absorbers, TiO2 NP-filled PVA/Ac–PVP

composite films show notable changes in the ultra-violet

optical spectra. Energy (E) of the incident photon (in eV) is

calculated by using the following equation:

E ¼ 1:24 � 10�6

k
: ð5Þ

In equation (5), k is the wavelength of the incident photon

(in metre).

Absorption coefficient (a) and optical bandgap (Eg) for

pure and TiO2 NP-filled PVA/Ac–PVP blend composite

samples obeys Tauc’s expression. Eg values are calculated

using Mott–Davis equation [54,55], which follows:

a ¼ bðhm� EgÞc

hm
: ð6aÞ

In equation (6a), b is a constant, Eg is the energy band-

gap, c is an empirical index and hm is the incident (ab-

sorbed) photon energy. The values of c varies as follows; it

is 1=2 for direct allowed transition (DAT), 3=2 for direct

forbidden transition (DFT), 2 for indirect allowed transition

(IAT) and 3 for indirect forbidden transition (IFT),

respectively.

A plot of a against hm (figure 2b) is used to determine

the value of Ea for pure and TiO2 NP-filled PVA/Ac–

PVP blend composite samples, by extrapolating the linear

region of the rising edge of the major absorption head to

the energy axis (that is, to zero absorbance value). The

values of Ea for pure and TiO2 NP-filled PVA/Ac - PVP

blend samples are listed in table 2. It can be seen that,

the major absorption edge of TiO2-filled PVA/Ac–PVP

polymer nanocomposite shows a red shift (with the major

absorption edge moving towards higher k-values) with an

increase in FL. Thus, it should be noted that the energy

bandgap value decreases as the FL increases, accompa-

nied by the formation of intermediate absorption band

due to the formation of CTCs, as a result of the inter-

action between TiO2 NPs and the polymer molecules of

the host matrix. The activation energy for pure PVA/Ac–

PVP blend is 5.12 eV, and it has reduced to 4.72 eV for

titania-filled composite films with FL 4.89 wt%. Optical

absorption data were used to extract the bandgap values

corresponding to all the four types of transitions, by

extrapolating the (ahm)(1/2) vs. E, (ahm)(2) vs. E, (ahm)(2/3)

vs. E and (ahm)(3) vs. E graphs to zero photon energy (see

figures 4a, b and 5a, b). The values of these energies are

tabulated in tables 2 and 3, with their respective error

values, for the major absorption edge and their respective

intermediate states. Although the plots of (ahm)(1/2) vs. hm
show best fit, other transitions also show good fitting.

Hence, all the four transitions are represented here. The

decrease in the energy bandgap values of TiO2-filled

PVA/Ac–PVP blend is due to the optoelectronic proper-

ties of the TiO2 NPs. The interaction of TiO2 with the

polymer molecules is such that TiO2 interacts with PVA/

Ac–PVP to form CTCs via inter and intramolecular

hydrogen bonding. Literature reveals instances where the

components of polymeric blend form CTC with the added

filler [56,57]. A study on tin sulphide (SnS)-filled PVA/

Ac–PVP blend reported that the use of 0.5 wt% filler-

incorporated material can be used as an efficient UV

blocker [11]. In the present study, it is seen that the

incorporation of TiO2 NPs has not only enhanced the

absorption of electromagnetic radiation in the UV region,

but has also drastically enhanced its absorbance in the

visible region, where the pure PVA/Ac–PVP blend

showed almost no absorbance. This property of this

composite film can be exploited to use the composite as

an efficient optoelectronic material, when a material with

greater absorbance in UV and visible regions is required.

They can also be used in packing materials, which are

meant to protect its contents from UV and visible light.

The energy bandgap of the composite sample for optical

transitions (electronic transitions taking place by the

absorption of incident photon of suitable energy) is

Table 2. Values of activation energy (Ea) for optical transitions and optical bandgap (EIAT and EDAT) due to indirect allowed transition

(IAT) and direct allowed transition (DAT) transitions, respectively (all expressed in eV), for pure and TiO2 NP-filled PVA/Ac–PVP blend

composite.

FL (wt%)

Ea (eV) EIAT (eV)
EDAT (eV)

Ea1 Ea2 EIAT1 EIAT2 EDAT1

0.00 5.12 ± 0.021 3.33 ± 0.002 4.90 ± 0.012 2.98 ± 0.002 5.28 ± 0.01

0.01 4.89 ± 0.012 3.22 ± 0.009 4.80 ± 0.017 2.64 ± 0.008 5.17 ± 0.062

0.04 5.13 ± 0.041 — 4.90 ± 0.057 2.04 ± 0.008 5.25 ± 0.052

0.25 5.03 ± 0.007 2.33 ± 0.039 4.84 ± 0.082 1.68 ± 0.032 5.21 ± 0.031

0.36 4.94 ± 0.012 3.43 ± 0.015 4.64 ± 0.010 1.65 ± 0.036 5.21 ± 0.089

0.89 4.80 ± 0.047 — 4.86 ± 0.041 — 5.33 ± 0.006

4.89 4.72 ± 0.003 1.24 ± 0.043 4.77 ± 0.042 2.82 ± 0.013 5.14 ± 0.006
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confirmed by plotting a graph of hm
ffiffiffiffi

e2
p

against hm,

according to equation (6b) [58,59]:

h2m2e2 � hm� Eg1

� �2
: ð6bÞ

In equation (6b), hm is the incident photon energy and e2

is the imaginary part of dielectric constant.

The IAT values for TiO2 NP-filled PVA/Ac–PVP blend

composites were confirmed by plotting a graph of hm
ffiffiffiffi

e2
p

against hm (refer equation (6b)). Figure 5c shows the plot of

hm (e2)(1/2) vs. hm, for various FLs. The values of bandgap

obtained from this graph are represented as E ei in

table 3.

3.2b Study of dispersion parameters: Refractive index (n)

is a characteristic property of the material, which determi-

nes the speed of light in that medium. Complex refractive

index (RI) of the material is denoted as ‘N’ and is used to

determine the various optical features of the material, the

modification of which is helpful for tailoring this material,

for its use in specific optoelectronic devices. Complex RI is

given by equation (7):

N ¼ n� iK: ð7Þ

In equation (7), the real part ‘n’ is the normal RI, which

accounts for the dispersion properties in the material, while

the imaginary part ‘K’ is the extinction coefficient, which

represents the rate of dissipation of incident electromagnetic

wave in the dielectric medium (in this case the dielectric

medium is the polymeric matrix). The value of ‘K’ is

determined using the following relation:

K ¼ ak
4p

: ð8Þ

Refractive index ‘n’ is determined by using the Fresnel

formula [60], and it is given by equation (9):

n ¼ 1 þ R

1 � R

� �

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4R

ð1 � RÞ2
� k2

s

ð9Þ

Figure 6 represents the graph of n with respect to k. It can

be seen that the nature of graph shows two different fea-

tures. In the visible region, the values of n decreases with

increase in wavelength, and reaches a constant value at

higher wavelength, but in the UV region, it is seen that there

are a number of peaks, which are attributed to the absorbing

centres or CTCs that are introduced in the polymer structure

as a result of incorporating the TiO2 NPs. It is also to be

noted that, the value of ‘n’ increases on adding TiO2. This

change in the value of ‘n’ is due to the structural changes

induced by the titania NPs in PVA/Ac–PVP blend, as

confirmed from the FT-IR analysis [42]. There are CTCs

formed in the composite as a result of hydrogen bonding

between the polymer and TiO2 NPs. The CTC acts as

absorbing centres and their distribution in the nanocom-

posite films results in an enhancement in the value of ‘n’.

The materials with high RI may be used in the fabrication of

optoelectronic devices. Thus, TiO2-filled PVA/Ac–PVP

nanocomposite can be used as a suitable candidate for the

fabrication of optoelectronic devices.

3.2c Optical conductivity: Optical conductivity (r) is an

important optical parameter, which reveals the optoelec-

tronic characteristics of a material. Optical conductivity of

the composite material is determined as a function of a [61]

and n, and its nature (variation of r vs. photon energy (see

figure 7a)) resembles the nature of a. This parameter is

found to increase with FL in case of titania NP-filled PVA/

Ac–PVP blend due to an increase in number density of

charge carriers and due to the formation of CTCs as a result

of incorporating the TiO2 NPs in PVA/Ac–PVP blend.

When electromagnetic radiation of suitable frequency is

Figure 4. (a) The plots of (ahm)(1/2) vs. photon energy (E). (b) Plots of (ahm)2 vs. photon energy (E) for pure and TiO2 NP-filled PVA/

Ac–PVP blend composite.
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Figure 5. (a) The plots of (ahm)3 vs. photon energy (E). (b) Plots of (ahm)2/3 vs. photon energy (E) for pure and TiO2 NP-filled PVA/

Ac–PVP blend composite. (c) Plot of hm(e2)1/2 vs. hm

Table 3. Values of optical bandgap (EIFT and EDFT) due to indirect forbidden transition (IFT) and direct forbidden transition (DFT)

transitions, respectively (all expressed in eV), for pure and TiO2 NP-filled PVA/Ac–PVP blend composite.

FL (wt%)

EIFT (eV)
EDFT (eV) Eei (eV)

EIFT1 EDFT1 EDFT2 Eei1 Eei2

0.00 5.32 ± 0.012 5.10 ± 0.024 3.1 ± 0.006 4.87 ± 0.010 2.95 ± 0.014

0.01 5.20 ± 0.058 4.91 ± 0.00 6 — 4.76 ± 0.030 2.75 ± 0.020

0.04 5.31 ± 0.040 5.04 ± 0.005 2.51 ±0.013 4.79 ± 0.020 2.28 ± 0.010

0.25 5.32 ± 0.001 5.32 ± 0.074 2.13 ± 0.004 4.70 ± 0.012 1.72 ± 0.015

0.36 5.26 ± 0.067 5.08 ± 0.067 — 4.62 ± 0.040 1.71 ± 0.021

0.89 5.24 ± 0.005 5.02 ± 0.009 — 4.68 ± 0.032 —

4.89 5.20 ± 0.038 4.89 ± 0.004 1.63 ± 0.007 4.56 ± 0.019 —
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incident on the TiO2 NP-filled polymeric composite, there is

an excitation of charge carriers across and within the

bandgap, resulting in an enhancement of its optical

conductivity.

r ¼ anc
4p

ð10Þ

It can be observed that the value of r tends to remain

constant in the low photon energy region, signifying that the

energy of the incident radiation in this region is not suffi-

cient for excitation of electrons (in the material) across the

bandgap, whereas the value of r increases at higher energy

(of incident photons) implying that more number of charge

carriers are excited once the incident photon energy crosses

a certain threshold. Increase in the optical conductivity of

the composite material with an increase in the concentration

of TiO2 NPs may be attributed to the increase in carrier

concentration due to the formation of CTCs as well as the

introduction of impurity states in the optical bandgap of the

polymeric material as a result of incorporating TiO2 NPs as

the filler.

Penetration depth is a measure of how deep the incident

photons (quanta of electromagnetic radiation) can penetrate

into the material, and it is denoted by the symbol dp (or d).

The value of d is determined using equation (11).

The variation of d (expressed in cm) vs. incident photon

energy (E = hm) for pure and TiO2 NP-filled PVA/Ac–PVP

blend composite is shown in figure 7b. It is noted that there

is a significant decrease in d with an increase in photon

energy, especially in the composite films. As expected,

there is a marked decrease in d beyond the photon energy

corresponding to the absorption edge.

dp ¼ 1

a
ð11Þ

Complex dielectric function or permittivity is a complex

quantity and is represented as follows:

e� ¼ e1 � ie2: ð12Þ

The real and imaginary parts of dielectric function can be

related to n and k, and are represented by equations (13) and

(14).

e1 ¼ n2 � K2 ð13Þ
e2 ¼ 2nK ð14Þ

The real part of dielectric constant (e1) represents the

energy density of states which are responsible for the

scattering of light radiation (which is incident on the sam-

ples) due to the polarization of the dipoles in the samples

Figure 6. Variation of refractive index (n) vs. wavelength (k) for

pure and TiO2 NP-filled PVA/Ac–PVP blend composite.

Figure 7. (a) Plot of optical conductivity (r) vs. photon energy (E). (b) Plot of penetration depth (d, expressed in cm) vs. photon

energy (E) for pure and TiO2 NP-filled PVA/Ac–PVP blend composite.
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because of the incident electromagnetic radiation. Further,

this quantity affects the speed of light. The imaginary part

of dielectric constant (e2) accounts for energy absorbed due

to dipole motion [62]. Figure 8a and b represents the real

and imaginary dielectric constants as a function of k, for

pure and TiO2 NP-filled PVA/Ac–PVP blend composite.

It can be seen from figure 8a that e1 has greater value when

compared to e2. From this figure, it can be noticed that the

values of e1 increases with an increase in FL of TiO2 in PVA/

Ac–PVP blend, at all wavelengths. This increase may be

attributed to the increase in the polarization of the dipoles due

to increase in density of states resulting from the incorporated

TiO2 NP, which forms CTC with the functional groups pre-

sent in the side chains of the polymer. The increase in value of

imaginary part of dielectric constant with the FL suggests the

interactions taking place between the NPs and the PVA/Ac–

PVP blend polymer matrix, which improves the amor-

phousness of the filler-incorporated samples.

3.2d Dissipation factor (tan d): Dissipation factor (tan d)

is the ratio of the loss of energy to the storage of energy. In

other words, it is the ratio of the imaginary part of dielectric

constant to the real part of dielectric constant. This quantity

measures the rate of loss of power of a mechanical oscillator.

In fact, tan d is an effective parameter to decide the use-

fulness of the nanocomposite material under study; that is, it

determines its suitability to be a good dielectric material for

use in electrical and optical applications. Dissipation factor

(tand) is determined using equation (15) [63].

tand ¼ e2

e1

ð15Þ

Figure 9 represents the graph of tan d against frequency

for pure and TiO2 NP-incorporated polymer blend films. It

can be seen that tan d exhibits a very low value of the order

of 10–5. An enhancement in the tan d is observed with the

incorporation of TiO2 NPs, which is due to the formation of

new defect states in the energy bandgap of polymer that act

as dipole levels, resulting in the enhancement of dielectric

behaviour.

3.2e Volume and surface energy loss functions: Volume

energy loss function (VELF) and surface energy loss

functions (SELF) are the parameters that reflect the amount

of energy absorbed by the bulk and surface of the material,

respectively, due to single-electron transitions [64]. VELF

and SELF can be determined as a function of real and

imaginary parts of dielectric constant, which are represented

in the following equations [61,62].

Figure 8. (a) Variation of e1 vs. wavelength (k). (b) Plot of e2 vs. wavelength (k) for pure and TiO2 NP-filled PVA/Ac–PVP blend

composite.

Figure 9. Plot of dissipation factor (tan d) against frequency for

pure and TiO2 NP-filled PVA/Ac–PVP blend composite.

Bull. Mater. Sci.          (2022) 45:195 Page 11 of 17   195 



VELF ¼ e2

e2
1 þ e2

2

ð16Þ

SELF ¼ e2

ðe1 þ 1Þ2 þ e2
2

ð17Þ

Figure 10a and b represents the nature of VELF and

SELF as a function of photon energy (hm) for pure and TiO2

NP-filled PVA/Ac–PVP blend. It can be seen from the

figure 10a and b that the value of both these functions

increase with the increase in FL, and also that VELFs are

having higher values compared to SELFs.

3.2f Study of dispersion energy parameters: The study of

dispersion behaviour in polymer-filled samples is of great

importance, as it reveals the usefulness of the sample for

fabricating optoelectronic devices such as for those used in

optical communications. Wemple and Didomenico model

[65–67] is used to study the disorder in the system. This

model employs single oscillator concept to determine the

optical energy parameters by assuming each atom in the

sample to be an oscillator. According to this model, the

dependence of n on the photon energy in the region less

than Eg is given by the equation (18):

n2 � 1 ¼ EoEd

E2
o � ðhmÞ2

ð18Þ

In equation (18), hm is the incident photon energy, Eo is

the single oscillator energy and Ed is the dispersion energy,

which resembles the disorder and gives the strength of

interband optical transition.

RI (n) of the material exhibits lower value at lower

wavelength, which may be attributed to the lattice vibration

absorption. Thus, the lower energy region (which is linear

region) of (n2-1)–1 against ðhmÞ2
(see figure 11) plot is

linear fitted to obtain the slope and intercept, which are

further used to calculate Eo and Ed. The values of Eo and Ed

are tabulated in table 4.

The value of Eo represents the average energy bandgap.

From table 4, it can be seen that the value of Eo is almost

constant, on varying the FL of the composite from 0.01 upto

0.89 wt% with slight variation, and this value has increased

to a value of 3.04 for the composite material with FL

4.89 wt%. But all these values are less than the value of this

parameter in the case of pure PVA/Ac–PVP blend. This

result reveals that the bandgap has decreased on incorpo-

rating TiO2 NP compared to pure sample. This is due to the

increased formation of localized sites in the energy bandgap

of PVA/Ac–PVP blend. An increase in the Eo value for the

composite sample with FL 4.89 wt% compared to samples

with lower FLs, may be attributed to the formation of

crystalline regions in the sample of FL 4.89 wt% due to

Figure 10. (a) Variation of volume energy loss function vs. photon energy (E). (b) Variation of surface energy loss function vs.
photon energy (E) for pure and TiO2 NP-filled PVA/Ac–PVP blend composite

Figure 11. Plot of (n2–1)–1 vs. (hm)2 for pure and TiO2 NP-filled

PVA/Ac–PVP blend composite (inset: SEM images).
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aggregation of TiO2 NPs, which results in the decrease of

bandgap. The values of Ed exhibit a gradual increase with

an increase in FL, due to the variation in the structural order

of the material. Since Ed values represents strength of the

interband transition, an increase in these values are attrib-

uted to increased transitions taking place from valence band

to conduction band as a result of interaction of filler with the

polymer. Similar results are observed in other polymer

composites [68,69].

Oscillator strength (f) is determined by using the fol-

lowing equation [70].

f ¼ EdEo ð19Þ

The values of oscillator strength for pure and TiO2 NP-

filled polymer blend are represented in table 4. It can be

seen that the values of f has decreased for composite

films with FL up to 0.25 wt%, while it has increased for

composite samples with FLs varying from 0.36 upto

4.89 wt%. Static refractive index (no) is one of the

important parameters and is determined by considering

the WDD dispersion equations at the photon energy equal

to zero.

no ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ed

Eo

þ 1

r

ð20Þ

Table 4 lists the variation of no for pure and TiO2 NP-

filled polymer blend composite films. The values of no

are found to increase with an increase in filler

concentration.

The values of first-order spectral momenta (M�1 and

M�3) for pure and TiO2-filled polymer composite films are

determined from single-oscillator constants, using the fol-

lowing pair of equations [71].

E2
o ¼ M�1

M�3

; E2
d ¼ M3

�1

M�3

ð21Þ

The values of M�1 and M�3 are tabulated in table 4.

These variations in the values of spectral momenta are

due to the formation of co-ordination complexes, as a

result of interaction between the polymer matrix and

dopant ions. These quantities are associated with effective

valence electrons.

3.2g Determination of high frequency dielectric con-
stant: High frequency dielectric constant e? was deter-

mined by two ways, using the refractive index data of TiO2-

filled PVA/Ac–PVP blends. Both of them are employed to

get a reliable value for the dielectric constant for pure and

the nanoparticle-incorporated samples.

The first method takes into account the free carrier and

the lattice vibration modes of dispersion. In this method, the

following equation (22) is used to determine high frequency

dielectric constant [72].

e ¼ e11 �
e

4pc2eo

� �

N

m�

� �

k2 ð22Þ

e ¼ n2 ð23Þ

In equation (22), ‘c’ is the velocity of light, eo is permit-

tivity of free space, having a value 8.854 9 10–12 F m–1, N
and m* are the free charge carrier concentration and effec-

tive mass of charge carriers, respectively. According to

equations (22) and (23), a plot of n2 against k2 (see

figure 12) is used to determine the values of high frequency

dielectric constant for pure and TiO2-filled samples. It can

Table 4. Values of Ed, Eo, f , no, M–1, and M–3 for pure and TiO2 NP-filled PVA/Ac–PVP blend composite.

FL (wt%) Ed (eV) Eo(eV) f (eV)2 no M�1 M�3 ((eV-2))

0.0 1.99 4.51 8.97 1.20 0.44 0.016

0.01 1.86 3.27 6.08 1.25 0.56 0.053

0.04 3.35 2.54 8.50 1.52 1.32 0.204

0.25 3.70 2.14 7.91 1.65 0.57 0.042

0.36 4.24 2.37 10.04 1.67 1.78 0.318

0.89 4.94 2.45 12.10 1.73 2.01 0.335

4.89 10.76 3.04 32.71 2.13 3.54 0.382

Figure 12. Plot of n2 vs k2 for pure and TiO2 NP-filled PVA/Ac–

PVP blend composite.
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be seen that, for longer wavelengths, the dependence of

e ¼ n2 on k2 is found to be linear. Extrapolating the linear

part to zero wavelengths gives the value of e11. Values of

N=m� are calculated using the slope of this linear fit. These

values are listed in table 5. When electron damping factor is

very small compared to x, refractive index (n) can be

expressed as shown in equation 24 [73].

n2 ¼ e1 �
x2

p

x2

 !

ð24Þ

In equation (24), x is angular frequency of light and xp is

plasma frequency. The value of xp is calculated by using

equation (25),

x2
p ¼ e2N

eom� ð25Þ

Table 5 lists the calculated values of N=m�, xp and e11.

UV–visible spectra in the non-absorbing region or in the

region of infinite wavelength are analysed to determine the

optical parameters such as average inter-band oscillator

wavelength (ko), infinite dielectric constant or high fre-

quency dielectric constant (e1= n2) and average oscillator

strength (So) using the Moss model, according to which, the

contribution of free carrier to dispersion is relatively small

[74]. Hence, the data below the absorption edge are con-

sidered for analysis. The high frequency dielectric constant

(e12) is determined using the following equation [75]. This

method takes into account the contribution of bound carriers

to dispersion.

1

ðn2 � 1Þ ¼
k2
o

n2
o � 1

� � k�2 þ ðn2
o � 1Þ�1 ð26Þ

and

n2
o � 1

� �

k2
o

¼ So ð27Þ

According to equation (26), the values of So and ko are

determined using the slope and intercept of n2 � 1ð Þ–1 vs.

k�2 graph. Figure 13 shows the plot of n2 � 1ð Þ–1 vs. k�2,

for different FLs of TiO2-filled PVA/Ac–PVP blend. The

value of n2
o � 1

� �

–1 is determined by intersecting the linear

region of this graph to n2 � 1ð Þ–1 axis. Thus, the value of n2
o

at ko is determined. The value of n2
o denotes high frequency

dielectric constant (e12Þ. Although the values of high fre-

quency dielectric constant e11 and e12 agree with each

other, lattice vibrations and bound carriers in an empty

lattice (in the transparent region) results in a small differ-

ence in their values.

3.2h Nonlinear optical properties: Nonlinear optical

properties of the material are of great importance to decide

their use in applications such as photo-electronic devices.

Polymeric materials with low nonlinear refractive index

(n2) and nonlinear optical susceptibility (vð3ÞÞ values are

preferred as nonlinear media for optoelectronic applications

[76,77]. Thus, the determination and study of nonlinear

optical parameters are of great importance. The values of

Eo, Ed and no are used to calculate the nonlinear optical

parameters.

Linear optical susceptibility vð1Þ signifies the stimuli of

the polymeric material to the incident radiation and is

determined using the following equation.

vð1Þ ¼ Ed

4pEo

ð28Þ

Table 5. Values of dispersion parameters for pure and TiO2 NP-filled PVA/Ac–PVP blend composite.

FL (wt%) e1 x2
p (� 105 s–1) N=m� (� 1037 kg–1 m–3) e11 ko (nm) So(m–3)

0.0 1.64 6.75 15.7 1.32 330.20 0.29

0.01 1.67 3.67 4.67 1.60 307.92 4.87

0.04 1.78 5.31 9.74 1.63 340.48 5.20

0.25 3.55 13.46 62.8 3.48 431.81 7.94

0.36 4.89 17.69 108.4 4.05 452.25 10.02

0.89 5.35 18.55 119.2 5.15 443.61 11.94

4.89 6.61 16.82 121.71 6.27 351.71 31.28

Figure 13. Plot of n2 � 1ð Þ–1 vs. k�2 for pure and TiO2 NP-filled

PVA/Ac–PVP blend composite.
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Table 6 shows the tabulated values of vð1Þ. It infers that

the values of vð1Þ has increased with the increase in the FL,

which may be attributed to the increase in the response of

the material in the form of increase in the number of tran-

sitions taking place from highest occupied molecular orbital

to lowest unoccupied molecular orbital by absorbing the

incident photons, due to incorporation of TiO2 NPs.

Third-order nonlinear susceptibility, vð3Þ; can be deter-

mined using the following equation.

vð3Þ ¼ A
Ed

4pEo

� �4

ð29Þ

Equation (22) can also be written as,

vð3Þ ¼ Avð1Þ
4 ð30Þ

where, A is a constant, with value 1.7910–10 esu.

According to Tichý et al [78], nonlinear refractive index

can be calculated according to the following equations.

n2 ¼ 12pvð3Þ

no

ð31Þ

From table 6, it can be seen that the values of vð3Þ has

increased from 2.55 9 10–16 esu for the composite sample

with FL 0.0 wt% to 11059.1 9 10–16 esu for the composite

sample with FL 4.89 wt%. This result shows an enhance-

ment in the nonlinear optical characteristics of the material

on incorporating the TiO2 NPs. This may be due to the

decreased gap between the electronic states due to intro-

duction of new electronic states (associated with TiO2 NPs).

This results in the enhancement of susceptibility

magnitudes.

4. Conclusions

TiO2 NP-filled PVA/Ac–PVP polymer composites were

prepared by solution casting technique. SEM images were

helpful to study the variation in the surface morphology.

EDS spectra of these composites were used to determine the

constituent elements present in the samples. The effect of

incorporating TiO2 NPs on various linear and nonlinear

optical parameters of TiO2 NP-filled PVA/Ac–PVP polymer

composites was studied in detail. The optical bandgap

decreases with the increase in TiO2 NP concentration in the

PVA/Ac–PVP blend matrix. Refractive index of the com-

posite increases with the increase in FL. Although the real

and imaginary parts of dielectric constant for TiO2 NP-filled

PVA/Ac–PVP polymer composites exhibited the same

nature, the values of e1 were found to be greater than e2.

Volume and surface energy loss functions (VELF and

SELF) increased with an increase in FL. The Wemple and

DiDomenico model was used to obtain various dispersive

parameters. The parameters, such as Ed, f , no, M–1, M–3,

N=m�, xp, ko, So, Eo were determined. The values of high

energy dielectric constant (e1) was determined from two

different methods, and the values obtained were comparable

with each other. Nonlinear optical parameters such as vð1Þ,
vð3Þ and n2 were determined, and their values increased with

an increase in FL. It can be seen that the values of linear and

nonlinear parameters of TiO2 NP-filled PVA/Ac–PVP

polymer composites increased with an increase in the FL.

Thus, TiO2-filled PVA/Ac–PVP can be considered as a

promising material for flexible optoelectronic applications.
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