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Abstract: Tungsten oxide, a versatile transition metal with

numerous polymorphs and sub-stoichiometric composi-

tions, containing inherent tunnels and oxygen vacancies,

has become a current field of study due to its rich crystal

structure, high electrochemical stability, easy accessibility,

and environmental friendliness. Thus, the versatile struc-

ture of WO3-based materials makes them promising candi-

dates for advanced applications. Our study aims to provide

valuable insights into the performance of these materials

used in various fields. The structural, optical, and thermal

characteristics of PVC-PCL composites doped with tungsten

oxide (WO3) were examined in this work. According to DSC

research, the thermal characteristics of the polymer matrix

were significantly impacted by the addition of WO3. The

thermal stability was found to have increased based on the

TGA measurement findings. XRD analyses revealed that as

the doping rate increased, improved crystallinity was seen.

According to SEM tests, the grain clusters are uniformly

mixed and the tungsten oxide is evenly spread across the

surface. The dopant reacted either chemically or physically

with the polymer matrix, according to the ATR-FTIR spectra

of PVC-PCLmatrix nanocomposite films. An improvement in

conductivity with an increase in dopant concentration was

noted in the optical experiments. Thus, it can be stated that

PVC-PCL composites doped with WO3 can be used in opto-

electronic, various industrial, and biomedical application
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1 Introduction

Polymeric composites, which are seen as a versatile and

innovative research topic, have provided advantages com-

pared to other materials with many features such as

tunability of physical and chemical properties, flexibil-

ity, biocompatibility and eco-friendliness. Due to these

properties of polymeric composites, they have been pre-

ferred in many fields such as microwave absorption

layers [1], electrochromic devices [2], proton exchange

membranes [3], chromatic sensors [4], capacitors [5] and

Metal/Insulator/Semiconductor (MIS) photodetectors [6, 7].

Additionally, because of their low cost, good flexibility,

lightweight, quick industrial processing, feasibility, ease of

production, and high durability, they have recently been

the subject of much research, generating a great deal of

curiosity among scientists [7–9]. Polymers with important

physicochemical properties are active or passive compo-

nents for optical-electronic devices [10]. For their optical

properties, they can be used as optical waveguide com-

ponents, photochromic materials, field effect transistors,

photovoltaic cells, light-generating diodes and high refrac-

tive index films. The main advantage of choosing mostly

polymers is that the addition of additives significantly

extends the range of physical parameters compared to

pure polymer. The material’s qualities may become more

favorable for certain uses. Many scientific studies have

shown that doped polymer materials have improved pro-

cessability [11]. Many polymer types such as polymethyl

methacrylate (PMMA), polyvinyl alcohol (PVA), polyvinyl

chloride (PVC), polyvinyl pyrrolidone (PVP), polyaniline

(PANI) and poly(3,4-ethylene dioxythiophene) polystyrene

sulfonate (PEDOT:PSS), poly(lactic acid) (PLA) are used for
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these purposes [7]. Among these various polymer types,

Poly(vinyl chloride) (PVC) is one of the most widely used

thermoplastic polymers due to its multipurpose properties

and low cost [12]. PVC, the third most widely known poly-

mer worldwide, is closely related to human life as it is

used inmany fields such as clothing, constructionmaterials,

medicine, automobiles and many more. It is highly pre-

ferred for its excellent properties such as high transparency,

easy maintenance and non-flammability [13]. PVC, which

contains a very low percentage of additives, exhibits inher-

ent flame resistance through the release of hydrogen chlo-

ride gas, which is non-flammable at high temperatures [14,

15]. Used in themedical industries, PVC is even used in steril-

izable blood storage bags, a testament to its goodmechanical

properties and excellent transparency [13]. WO3 nanopar-

ticles contribute unique optical and photocatalytic proper-

ties, along with thermal stability and high electron mobil-

ity. unique optical and PCL (C6H10O2) is a semi-crystalline

aliphatic polymer with excellent compatibility with PVC.

Synthesized in the early 1930s, PCL has become a source

of intense interest day by day. PCL, which is biocompatible

and biodegradable, is a hydrophobic, semi-crystalline com-

pound with monomer unit ε-caprolactone, melting point

between 59–64 ◦C and glass transition temperature – 60 ◦C.

These characteristics make processing it simple. PCL read-

ily dissolves in organic solvents like tetrahydrofuran (THF)

and chloroform, and as its molecular weight rises, its crys-

tallinity tends to diminish [16].

One efficient way to alter a material’s morphological

characteristics, physical attributes, and chemical behav-

ior is to include mineral trioxide into a polymeric com-

position [17]. Tungsten oxide (WO3), an n-type semicon-

ductor metal oxide, has long diffusion length, high elec-

tron affinity, high work function (Φ > 6 eV). WO3 con-

tributes to a wide range of applications in optical modula-

tion devices, electrochromic devices, photochromic mate-

rials, photocatalysts, smart windows, gas sensing applica-

tions, detection of malaria biomarkers and many more

[7, 18]. By adjusting to the dielectric constant differential

between the formed functional component and the poly-

meric chain, WO3 minimizes the interfacial contact linked

to Maxwell–Wagner–Sillars polarization and hence lowers

leakage current. Its band gap is between 2.6 and 2.8 eV,

and because of the oxygen vacancy defects in the lattice

structure, the non-stoichiometric material develops a donor

level, which results in intrinsic conductivity [17, 18]. The

most common color ofWO3 is brown, blue and lemon yellow

[18]. Substantial advantages have been realized for flexi-

ble electronic components and devices, especially within

the domain of organic electronics, due to comprehensive

research conducted onmetal oxide semiconductors in poly-

mer nanocomposites. The use of tungsten trioxide (WO3) as

a nanofiller, in conjunction with various polymeric matri-

ces, is a prevalent method for the development of mul-

tifunctional polymer nanocomposites and polymer nan-

odielectric materials [19, 20]. In comparison to other con-

ductive materials like Fe2O3, BiVO4, and TiO2, this specific

material (WO3) offers numerous benefits. To begin with,

it possesses a relatively common elemental composition,

rendering it more accessible and economical. Furthermore,

it exhibits significant physicochemical properties, includ-

ing a moderate bandgap between 2.5 and 2.8 eV, outstand-

ing electrical characteristics, and exceptional stability in

acidic solutions [21]. The incorporation of mineral trioxide

into the co-polymeric mixture represents an effective strat-

egy for altering the morphological characteristics, physi-

cal attributes, and chemical properties, thereby facilitat-

ing industrial applications [22]. Examples of such industrial

applications include the production of sensors, lubricants,

and catalysts. Given the optical characteristics of tungsten

trioxide (WO3), it has the capacity to absorb approximately

12 % of the incoming sunlight [23]. There are several lim-

itations associated with the transport and separation of

tungsten trioxide. Therefore, recent research suggests that

integrating it into inorganic/organic nanocomposites is an

advantageous method to enhance its efficiency [19]. Conse-

quently, our study seeks to investigate possible uses in opto-

electronic devices by concentrating on their thermal, struc-

tural, and optical characteristics. The difference between

this study and other research is that it aims to create an

ideal polymer base and improve the optical properties and

various physical properties of the resulting smart polymer-

based composite material by adding WO3 to it. This will

provide a different perspective on the evaluation of smart

polymer composites. Most recent studies have focused on

ergonomic and economical materials to make our lives eas-

ier. Thus, producing polymers that are cost-effective and

lightweight, in addition to the smart properties of the pre-

pared samples, is considered a distinctive feature in provid-

ing multiple properties in a single material [24, 25].

In this study, we focused on the potential for employing

WO3 to improve the optical and electrical characteristics

of polymer blend films. Therefore, the structural, optical

and thermal properties of PVC-PCL nanocomposite samples

containing WO3 nanoparticles were investigated.

2 Experimental method

In this investigation, 75 wt% poly(ε-caprolactone) (PCL) was
weighed and stirred in 10 ml Tetrahydrofuran (THF) solvent
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within a beaker for approximately 2 h. Concurrently, 25 wt%

poly(vinyl chloride) (PVC) was weighed and subjected to the

sameprocedure in a separate beaker. The resultingmixtures

were then combined and dispersed in an ultrasonic homog-

enizer for 1 h to facilitate homogenization of the chemical

reactions. WO3 additives were weighed in various ratios

and mixed in a magnetic stirrer at a speed of 500–600 rpm

for 1 h at room temperature. Subsequently, 5 %, 10 %, 15 %

and 20 % WO3 was incorporated into homogenously dis-

persed PCL-PVC polymers and further dispersed for 1 h.

The mixture was then subjected to a drying process in

an oven at 40 ◦C for 24 h. Measurements of temperature-

dependent phase transformations and mass changes of the

generated composites were conducted at a heating rate of

10 ◦C/min in a pure nitrogen gas atmosphere using Perkin

Elmer Sapphire differential scanning calorimetry (DSC)

and Hitachi thermogravimetric analysis (TGA) instruments.

FTIR spectra were collected within the wavelength range of

4,000–500 cm−1 using the Nicolet IS5 FTIR instrument. X-ray

measurements were performed to investigate the crystal

structure of all prepared samples using an X-ray analysis

system (Rigaku RadB-DMAX II), applying CuKα radiation at
room temperature with a voltage of 40 kV and a current

of 15 mA. The surface properties of the samples were then

investigated using a ZEISS brand scanning electron micro-

scope (SEM) operated at an accelerating voltage of 25 kV. The

optical spectra of the polymer composites were recorded

over a wavelength range of 200–900 nm using a Perkin

Elmer ultraviolet-visible (UV/VIS) spectrometer.

3 Result and discussions

DSC (Differential Scanning Calorimetry) analysis was car-

ried out to investigate the effect of adding WO3 nanopar-

ticles at different rates (5 %, 10 %, 15 % and 20 %) to PVC-

PCL matrix composites on thermal transition behaviors.

The obtained results are given in Figure 1. Samples were

analyzed in the temperature range of 0–200 ◦C with a heat-

ing rate of 10 ◦C/min. The dips in the DSC graph signify

endothermic processes, while the peaks denote exother-

mic processes. In the obtained DSC thermograms, it was

observed that the melting temperature of the pure PVC-

PCL blend was approximately in the range of 60–70 ◦C

and the location and intensity of these peaks changed

with the addition of WO3 [24, 26–28]. As the WO3 content

increased, a decreasing trend was observed in the melting

peak enthalpies, which restricted the crystallization behav-

ior of the nanoparticles in thematrix phase and showed that

the crystal structurewas disrupted. These results reveal that

Figure 1: DSC curves of PCL-PVC composite.

WO3 addition has a significant effect on the thermal prop-

erties of the polymer matrix. According to a recent study

on WO3/PLA, adding a specific amount of WO3 improved

crystallinity, but at higher concentrations, disorder caused

the crystallinity to decline [29]. The DSC behavior of our

WO3-PVC/PCL system shows that nano-sized fillers reduce

ΔHm and raise Tg (or restrict mobility). Tg shifts and crys-

tallinity decreases, for instance, are characteristics of filler-

polymer interactions in PVC nano-additives [30]. The DSC

curves shows that a decrease in the crystallinity of the

PCL domains within the PVC-PCL matrix correlates with a

decrease in melting enthalpy (ΔHm) as the WO3 content

increases. The reason for this behavior is because the WO3

nanoparticles prevent crystal formation by interfering with

the usual arrangement of polymer chains [31, 32].

The TGA analysis reveals the effects of adding WO3

nanoparticles at different rates (5 %, 10 %, 15 % and 20 %) to

PVC-PCL matrix composites on thermal degradation behav-

ior. The obtained data are given in Figure 2. In the pure PVC-

PCL sample, the main degradation occurred in the range

of approximately 350–480 ◦C and a serious mass loss was

observed in this range. In the WO3-added samples, a slight

increase in the degradation temperature and a significant

increase in the amount of residue occurred. In particular,

the composite containing 20 % WO3 showed the highest
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Figure 2: TGA curves of PCL-PVC composite.

degradation resistance and the highest residual mass. This

shows that WO3 nanoparticles increase thermal stability

and provide resistance to thermal degradation of the poly-

mer matrix. In addition, the later onset of thermal degra-

dation with increasing WO3 ratio can be associated with

the effect of nanoparticles in regulating heat transfer and

slowing down the degradation mechanism. The findings

confirm that WO3 addition improves the thermal resistance

of the composite material and provides stability at high

temperatures. It is observed that the decomposition tem-

peratures increase as the WO3 ratio increases. This shows

that WO3 contributes to the thermal stability of the matrix.

Since WO3 is an inorganic structure, it directly contributes

to the amount of residue remaining after decomposition.

The highest residual mass value (∼21 %) was obtained in

the sample containing 20 % WO3. In addition, the degrada-

tion behavior of the polymer was delayed with the increase

in the nanoparticle ratio, which showed that the thermal

stability increased. When we examined the mass change

of oxide-added polymeric composites against temperature,

which we have done before, it was observed that the

amount of residue increased as the oxide addition increased

[33–37].

X-ray diffraction measurements were taken at room

temperature to investigate the crystal structures of WO3

doped PVC-PCL blends and are shown in Figure 3. X-ray

patterns of pure PCL-PVC composite and 15 % WO3 doped

PCL-PVC composites were analyzed to better visualize the

WO3 doping. In the light of the literature data for the pure

polymer blend, it is seen that two known peaks are formed.

Since polyvinyl chloride shows an amorphous structure,

it cannot be expected to show crystalline properties. PCL,

on the other hand, is a biodegradable polyester with a

semi-crystalline structure. Therefore, X-ray analysis shows

diffraction peaks belonging to the (110) and (200) planes of

the orthorhombic crystal phase [24, 35, 36]. It was observed

that new peaks were formed with increasing doping ratio.

It was observed that the number and intensity of diffraction

peaks increased as the doping ratio of WO3 doped polymer

composites increased. With this result, it can be said that

the crystallinity level increases for this prepared compos-

ite. Stated differently, the narrow peaks and high intensity

produced show that the WO3-doped polymer composite has

good crystallinity. In other words, the high intensity and

narrow peaks obtained reflect the good crystallinity of the

WO3 doped polymer composite. The crystal indices (011),

(002), (020), (200), (120), (112), (022), (202), (122), (222), (004),

(040), (114), (420), (340) of the monoclinic phase of WO3 are

associated with JCPDS card 83-0950. The intense diffraction

peak at 22.8◦ corresponding to the (002) plane indicates

that WO3 crystals preferentially grow in the (200) direction

[38]. KOK et al. conducted a similar study and produced

La2O3 doped PS-PVC/PCL ternary recyclable composites and

found that crystallinity increased with increasing doping.

They thought that the dopant did not interact chemically

but only physically dispersed [24]. In another study, Rostami

et al. obtained polycaprolactone/polyacrylic acid/graphene

oxide composite nanofibers. In their study, they showed

that when PAA/GO was added to the PCL matrix, the inten-

sity of the peaks increased considerably, thus demonstrat-

ing the appropriate compatibility and the effect of PAA/GO

on increasing the crystallinity and phase composition of

nanofibers. They reported an increase in the amount of

crystallinity by adding GO to the PCL composition [35]. The

Debye–Scherrer equation was used to determine the crys-

tallite size of the polymer composite includingmix andWO3

additions based on the findings of X-raymeasurements. The

average crystallite size is calculated using the full width

at half maximum (FWHM/β) value derived from the X-ray

curve. Below is this equation [39, 40].

D = K𝜆

𝛽 cos 𝜃

𝜆 is the wavelength of X-ray radiation (CuKα =
0.1541 nm), 𝛽 is the full width at half maximum (FWHM) of

dense and broad peaks, 𝜃 is the Bragg or diffraction angle

in radians, D is the crystallite size (nm), and k is a constant

(value: 0.94) [40, 41]. Using this formula, the crystallite sizes

for the PVC-PCL mix base sample and the PVC-PCL poly-

mer composites with 15 % WO3 addition were 62.68 Å and

171.51 Å, respectively. As the amount of tungsten oxide addi-

tive with crystalline properties increases, the crystalline

density within the polymer matrix containing amorphous

polymers increases [42].
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Figure 3: XRD spectra of PVC-PCL blend and 15 % WO3 doped composites.

Peakwidth relies on 2𝜃, and the size and stress-induced

peak broadening are assessed independently in the W–H

approach, which assesses X-ray peak broadening brought

on by the finite size of the coherent scattering zone and

internal stress forming within the material [30]. Stress-

induced peak broadening in X-ray diffraction is caused by

lattice distortion and crystal flaws. The following relation-

ship can be used to compute stress (𝜀) [43].

𝜀 = 𝛽hkl

4tan𝜃

The calculated 𝜀 values for the polymer blend and the

composite containing 15 % WO3 were found to be 0.0725

and 0.0205, respectively. The addition of tungsten oxide to

the blend has reduced the microstress value. This result

indicates that the additive material causes a decrease in

dislocation within the blend, which is the matrix [44].

SEM images taken to show the microstructure of tung-

sten oxide doped PVC-PCL polymeric composites are given

in Figure 4. In order to obtain a clear image during themea-

surement, the samples were coated with a layer of gold to

Figure 4: SEM images of PVC-PCL blend and 15 % WO3 doped composites.
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Figure 5: ATR-FTIR spectra of PVC-PCL composite.

increase the conductivity. It can be said that the increase in

WO3 concentration leads to a decrease in surface roughness

due to the increase in composite crystallinity. Furthermore,

Tungsten Oxide shows a homogeneous distribution within

the structure. The measurements show that the surface

of the sample is smooth, with small voids and grain clus-

ters merging smoothly. In a similar study, Naveen Kumar

et al. reported that in the SEM images of the WO3 structure

formed as a thin film, tungsten oxide is evenly distributed

throughout the film and there are some irregularities on the

surface, grain boundaries, defects or porosity.

In Figure 5, ATR-FTIR spectra of PVC-PCL matrix

nanocomposite films are given. When the characteris-

tic bands specific to polyvinyl chloride (PVC) and poly(ε-
caprolactone) (PCL) polymers are examined, stretching

vibrations corresponding to acyclic CH2 and CH groups

belonging to the PCL structure are clearly seen around

2,916 cm−1 and 2,848 cm−1. The distinct peak observed

at approximately 1,720 cm−1 shows the C=O (carbonyl)

stretching vibration belonging to the ester group of PCL.

This band is one of the basic characteristics confirming

the existence of PCL. The characteristic bands of PVC are

especially concentrated in the range of 1,250–600 cm−1. The

bands around 1,330–1,425 cm−1 correspond to C–H bend-

ing vibrations; The bands in the range of 960–830 cm−1

indicate deformation vibrations of –(CHCl)– groups [45].

Especially the absorption in the 610–650 cm−1 region rep-

resents C–Cl stretching vibrations and is one of the dis-

tinctive regions on the spectrum of PVC. Similar results

were obtained in our previous studies. As the additive ratio

increased, intensity changes were observed especially in

the carbonyl region (approximately 1,720 cm−1) and C–Cl

vibration regions [46–48]. This indicates that the additive

interacts physically or chemically with the polymer matrix.

The increase and shifts in the peak intensity, especially in

the 15 % and 20 % bands, indicate that these interactions

have becomemore pronounced. In addition, the presence of

the additive causes some new bands to appear in the spec-

trum or the intensity of existing bands to change, signaling

structural arrangements. The C=O band in PCL is sensitive

to both crystalline and amorphous phases; an increase in

the relative strength of the ∼1,730–1,735 cm−1 (amorphous)

and ∼1,718–1,722 cm−1 (crystalline) components indicates

increased crystallinity/interaction. According to a study by

K. Phillipson et al., a little downward shift and narrowing

of the carbonyl band at 15–20 % doping suggests increased

local order and a strengthening of the interfacial interac-

tion (like dipole-dipole or H-bonding) with the carbonyl

groups [49]. Literature has shown that dipole-dipole/donor-

acceptor interactions between the carbonyl groups of PCL

and the C–Cl/CH–Cl groups of PVC induce miscibility and

band shifts; this is consistent with the downward shift of the

carbonyl band and changes in intensity in the C–Cl region

[50].

The shape memory effect of the sample added to the

blend obtained from PVC (polyvinyl chloride) and PCL

(poly(ε-caprolactone)) polymers at a rate of 5 % WO3 was

investigated and schematized in Figure 6. First, it is nec-

essary to heat the material to the softening temperature

in order to shape it. The sample cut to certain dimensions

was immersed in water for approximately (∼60 ◦C). The

softening temperature is also known as the glass transition

temperature (Tg). The softened sample was given its tem-

porary shape and immersed at approximately ∼0 ◦C and

fixed. Subsequently, the segmental mobility of the chains

increased when the sample was heated again at∼60 ◦C and

the structure returned to its original shape. This clearly

shows that the PVC-PCL blend exhibits a heat-induced shape

memory effect. The amorphous structure of PVC and the

semi-crystalline properties of PCL are important parame-

ters affecting both the formability and recycling behavior in

this blend system. PCL’s low melting temperature (∼60 ◦C)

makes it possible to perform shape memory cycling in the

low temperature range [46, 48]. In addition, PVC’s rigid

structure contributes to the temporary shape fixation. Such

blend structures have a wide range of application potential,

from biomedical fields to smart textiles [51, 52].

The optoelectronic properties of the prepared PVC-

PCL blend and WO3 doped composites were characterized

using UV–Vis spectroscopy. The interaction of light photons

with the composite structure results in an optical spectrum.

Absorbance and optical band gaps were analyzed to study

the optical properties of polymeric blends. The absorption



H. Aydın et al.: Role of WO3 on thermal and optical properties of smart polymer composites — 7

Figure 6: The shape memory effect of PVC-PCL composite.

Figure 7: The optical properties of PVC-PCL composite.

spectra of PVC-PCL blend and WO3 doped composites were

taken between 300 and 600 nm wavelengths and shown in

Figure 7. On average, high absorption spectra are observed

in the UV region below 475 nm and low absorption spectra

are observed in the visible region above 475 nm. Therefore,

an optical absorption edge around 475 nm is emphasized.

The optical energy range of materials is another area

that requires further research because it is crucial to the

design of optical devices. The band gap energy, also known

as the excitation energy to jump electrons from the valence

band to the conduction band, is the energy difference

between an atom’s low and high energy states. Stated dif-

ferently, the energy needed for an electron to transition

between different energy states is known as the band gap.

This transition can take place when incoming light photons

interact with material electrons. In generally, In general,

two types of transition can occur: direct and indirect. A

direct transition is the process by which an electron moves

to a higher band while maintaining the same wave vector

k value, or momentum. The transition is referred to as a

permissive direct transition when the photon’s extremely

little momentum has no bearing on momentum conserva-

tion. The transition is referred to as a forbidden direct tran-

sition when the photon momentum is not insignificant dur-

ing the process. The process by which an electron changes

momentum and moves from one band to another is known

as an indirect transition. In order to conservation ofmomen-

tum throughout the transition, a photon is either emitted

or absorbed. Once more, the transition is referred to as a

permissive indirect transition if the photon momentum can

be ignored during the process, and a forbidden indirect

transition if it cannot. Forbidden transitions are often far

less common [53]. The optical band gap of the synthesized

samples is given in Figure 8. The energy required to excite

the electrons required to create electron/hole pairs varies

depending on the semiconductor material. The band gap

energy for theWO3 semiconductor is between 2.6 and 2.8 eV

[17]. Tauc’s model is the most widely used for calculating

energy values. In this model, the incident photon energy

h𝜈 is linked to the absorption coefficient 𝛼. The band gap

of WO3 doped polymeric composites is determined by the

following equation,
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Figure 8: (𝛼h𝜈)2 − hv graphs of the PVC-PCL composite.

(𝛼h𝜈)
n = A

(
h𝜈 − Eg

)

Here Eg is the band gap energy, h is the Planck con-

stant, A is the constant and n is the transition type of the

synthesized materials [53–55]. For permitted direct, permit-

ted indirect, and banned direct transitions, the term n has

values of 0.5, 2, 1.5, and 3, respectively. One type of tran-

sition is distinguished from another by a specific energy

gap value. The band gaps of the prepared materials are

given in Table 1. According to these results, which are con-

sistent with the literature, the optical band gap decreases

with increasingWO3. Ahlam I. Al-Sulami and colleagues pre-

pared PMMA/PANI-WO3 nanocomposites and demonstrated

that in their optical studies, there was a significant decrease

in the band gap from 3.80 eV for pure PMMA/PANI to 3.18 eV

at the highest WO3 loading, accompanied by an improved

Table 1: Calculated optical band gaps of WO3 doped polymeric

composites.

Samples Eg (eV)

PVC-PCL 3.25

%5 WO 3.14

%10 WO 2.66

%15 WO 2.62

%20 WO 2.60

refractive index [56]. This is due to the increase in the con-

ductivity and the increase in the crystallite size, which is

also indicated by the XRD results.

The energy breadth of localized tail states inside the

forbidden band gap is known as the Urbach energy (Eu),

and it offers important information about the level of dis-

order and the existence of structural flaws in a material’s

electrical and optical characteristics [57]. Urbach energy,

sometimes referred to as Urbach tail, is thought to be a

significant and dependable instrument for examining the

structural properties of polymeric materials. It allows us to

identify and describe the degree of fault present in the band

gap of these materials. Furthermore, a knowledge of dis-

ordered materials’ electrical transport properties depends

on an understanding of the Eu present in those materials.

Band tail states in amorphous materials are known to origi-

nate from network strains severe enough to push the states

into the forbidden gap. Such tails decrease exponentially in

the gap. Implying that the polymers are gradually getting

more amorphous [58]. The width of the Urbach energy is

expressed by the equation given below;

EU =
(
dln(𝛼)

d(h𝜈)

)−1

The Urbach energy is given by Eu, the absorption coef-

ficient by 𝛼, and the photon energy by h𝜈 [59]. It is clear

that when the concentration of metal complexes increases,

the Urbach energy increases from 0.24 to 0.42. As the tung-

sten oxide doping ratio increases, the Urbach energies are

calculated to be 0.24, 0.27, 0.34, 0.35 and 0.42 eV, respec-

tively. This hints at a greater amorphous phase in polymer

composite samples. The increased energy tails will cause

the band structure of the composites to become defective

and chaotic. This observation also suggests that additional

localized states were created within the restricted energy

gap. PVC-PCL’s clean polymer structure and, as a result,

its greater energy gap are directly related to its smaller

energy tail width. It is clear that as the concentration of

themetal complex increases, the Urbach energy achieves its

maximum and the polymer’s bandgap reaches its minimal

value. The lowering of the bandgap in polymer compos-

ites of thin films can be readily explained by the presence

of localized defect states in the bandgap energy near the

valence band maximum and conduction band minimum. A

localized situation in thematerial caused the Urbach energy

to rise, increasing the disorder in the composite film The

calculated Urbach energy graph for each prepared sample

is given in Figure 9. The higher level of structural disorder

and defect states in the nanocomposites is reflected in this

rise. Consequently, because these states promote sub-band
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Figure 9: Urbach energy- sample name graphs of the PVC-PCL

composite.

gap transitions, the creation of more localized states within

the band gap lowers the optical band gap. This correlation

demonstrates how significantly the electrical structure and

optical performance of the PVC-PCL matrix are impacted by

the addition of nanoparticles [57].

4 Conclusions

In this study, PVC-PCL-based nanocomposites doped with

different concentrations of tungsten oxide (WO3) were suc-

cessfully fabricated and systematically characterized to

investigate the impact of WO3 incorporation on their struc-

tural, thermal, optical, and morphological properties. The

comprehensive analyses demonstrate that the addition of

WO3 nanoparticles significantly alters the physicochemical

behavior of the polymer matrix. Thermal analyses (DSC

and TGA) revealed that increasingWO3 content reduced the

melting enthalpy (ΔHm) and suppressed the crystallinity

of the PCL domains within the matrix, implying a strong

polymer-filler interaction that restricted chain mobility.

Meanwhile, the TGA results confirmed a notable improve-

ment in thermal stability, where the 20 wt% WO3 sam-

ple showed the highest degradation resistance and resid-

ual mass. This enhancement is attributed to the excellent

heat tolerance and barrier effect of the inorganic WO3

phase, which effectively delays polymer chain decompo-

sition. Structural characterization via XRD confirmed the

semi-crystalline nature of PCL and the amorphous char-

acter of PVC, while the incorporation of WO3 led to an

increase in crystallinity with sharper, more intense diffrac-

tion peaks. The reduced microstrain values indicate that

WO3 contributes to lattice stabilization and defect min-

imization. SEM analyses further demonstrated homoge-

neous dispersion of WO3 nanoparticles, smoother morphol-

ogy, and increased surface uniformity, all of which sup-

port the improved crystalline structure. FTIR results con-

firmed physical and possible chemical interactions between

WO3 and the polymer matrix through shifts and inten-

sity changes in C=O and C–Cl bands, consistent with

dipole–dipole and hydrogen-bonding mechanisms. Addi-

tionally, the 5 % WO3-doped composite exhibited a distinct

shape memory effect, demonstrating reversible deforma-

tion around 60 ◦C due to the synergistic behavior between

the flexible PCL phase and the rigid PVC component.

The optical analyses indicated a clear redshift in

absorption edge and a systematic decrease in optical band

gap from 3.25 eV (pure blend) to 2.60 eV (20 wt% WO3). This

band gap narrowing implies enhanced electronic conduc-

tivity and photon–electron interaction, thereby improving

the optoelectronic potential of the material. Such proper-

ties make these composites suitable candidates for use in

flexible optoelectronic devices, UV-protective coatings, elec-

trochromic and sensing applications, and thermally stable

dielectric films. Overall, the integration of WO3 into the

PVC-PCL matrix successfully enhanced the thermal dura-

bility, optical response, and microstructural order, suggest-

ing that WO3-doped smart polymer composites represent

an environmentally friendly, cost-effective, and multifunc-

tional material platform for next-generation optical and

electronic technologies.
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