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Abstract 

A novel [ZrO2+BTB]C nanocomposite was synthesized and prepared as a thin film using the Sol-Gel spin 

coating method. Different characterization techniques for [ZrO2+BTB]C like FTIR, UV-Vis, and optical 

properties have been used. The resulted XRD and SEM data have been employed to study interface 

composites. The optimization was performed using DFT by DMol3 and CASTEP program. The chemical 

structure was confirmed by spectroscopic and structural properties for [ZrO2-BTB]C, XRD results 

showed the same crystal structure. Combined between experimental and TDD-DFT data, the average 

crystallite size and composite interface are 12.36 nm and orthorhombic symmetry (a= 7.38(5); b= 

18.178(6); c= 26.10(3) Å and a= b= g= 90o) with space group (P61) for [ZrO2+BTB]C, respectively. 

Furthermore.  While the computed by DFT are 2.897 eV and 2.492 eV for as-isolated crystals of 

[BTB]TF and [ZrO2+BTB]C, respectively. Both [BTB]TF and [ZrO2+BTB]C thin films have direct allowed 

transitions. In addition, the optoelectrical parameters have been calculated for [BTB]TF and 

[ZrO2+BTB]C films such as refractive index, extinction coefficient, dielectric constant, and optical 

conductivity. The simulated values obtained by CATSTEP for the optical parameters of 

[ZrO2+BTB]C are in good agreement with the experimental values. The [ZrO2+BTB]C presents a good 

candidate for optoelectronics and solar cell applications. 

Keywords: Nanocomposite [ZrO2+BTB]C, XRD, DFT, thin films, optical properties  

 

1. Introduction  

The applications of dye composites in industries have been enhanced quickly due to their unique 

properties, such as light-in-weight, high stiffness, and high strength. [1-2]. Bromothymol blue 

(C27H28Br2O5S) (sometimes known as bromothymol sulfone phthalein, and BTB) is one of the promising 

candidates for state-of-the-art organic semiconductors, valid for various optoelectronic devices [3]. It is 

regularly used in applications that need measuring substances that would have a relatively neutral pH ≅𝟕𝟕 [4,5]. Sulfone phthalein dyes are an essential pH indicator class for some applications in modern 

sensors [6-7]. For this goal, the sol-gel process has been successfully employed due to its singular 

versatility and the following characteristics: optic transparency, mechanic stability, chemical resistance, 
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and flexibility of sensor morphological configurations [8–10]. Therefore, these materials have potential 

applications in the pharmaceutical, food, and chemical industries [11, 12]. Once again, the molecular 

chemical reactivity of the dye molecules was investigated using DFT-based reactivity descriptors, 

electrophilicity index (A), chemical potential (μ), and chemical hardness (A) values were approximated 

in terms of molecular orbital energy, HOMO and LUMO frontier values [13]. A TD-DFT investigation of 

ground and excited-state properties in indoline dyes used for dye-sensitized solar cells, the ground and excited-

state properties of three indoline dyes, namely D102, D131, and D149, specially designed for dye-

sensitized solar cell applications have been studied by the means of density functional theory (DFT) and 

time-dependent DFT (TD-DFT) and compared with experimental absorption and fluorescence spectra 

[14].  

Sulfonphthaleine dyes are an essential pH indicator class for certain applications in new sensors. 

A theoretical analysis to elucidate the impact of physical factors on the sulfonphthalein dyes halochromic 

behavior. Sulfonphthaleine dyes are phenol red, cresol red, bromophenol blue, and consideration are 

given to physical factors such as temperature, strain, solvent dielectric constant, and the form of 

constituent atoms isotope. Meanwhile, variations in pH of indicator color change, i.e. pH, are studied 

with the indicators' physical factors in the acid-base equilibrium. These findings show the significance 

of physical factors on the halochromic activity of colorants for further study and the production of pH 

sensors [15].  

 

At the same time, environmentally friendly nano regime materials were developed for the past 

few years with the aim of low-cost production using simple green technologies. Nano zirconia [ZrO2]NPs 

are widely used in various photocatalytic, piezoelectric applications, as a catalyst in various organic 

reactions [16] and industries for ceramics, dental, and optical coatings [17,18]. The cytotoxic activity of 

nanoparticles mainly depends on its size and shape [19, 20]. Various chemical methods such as the 

solvothermal method, hydrothermal method [21-25], aqueous precipitation method [26], sol-gel method 

[27-29], thermal decomposition methods [30-32] and pyrolysis of zirconium oxychloride salt organic 

precursors have been applied to prepare ZrO2 NPs [33]. These methods are more effective for controlling 

the shape and size of nanoparticles but often results in the formation of mixed crystal phases [34-36]. 

However, all these methods require high temperature, costly, and environmentally hazardous chemical 

precursors during synthesis processes [37-38]. 

In this work, a novel synthesizes [ZrO2+BTB]C to study the structural and optical properties of the 

fabricated nanocomposite thin films has been carried out. Also, study the molecular structure of 

[ZrO2+BTB]C using FTIR and molecular electrostatic potential (MEP) techniques. Also, the 

configuration and morphology description of the [ZrO2+BTB]C using XRD and SEM techniques will be 

javascript:popupOBO('CHEBI:37958','b914626a','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=37958')
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studied.  Finally, the optical properties of the fabricated film have been carried out. Simulated 

measurements of the optical properties were also conducted for [ZrO2+BTB]C as-deposited films by 

CATSTEP in the DFT method.  

 
 

2. Experimental tools and measurements:  

2.1 Materials 

The list of chemicals used in conducting the current experiments is presented in Table 1. All 

chemicals were utilized as received without supplementary refinement. 

Table 1. List of chemicals used and their molecular formulas 

Chemical Molecular formula            Supplier 
Bromothymol blue (BTB) C27H28Br2O5S (Aldrich Chemical Co. Ltd) 
Zirconium nitrate Zr(NO3)4 BDH 
Oxalic Acid  C2H2O4.2H2O LOBA Chemie, India 
Ethanol C2H5OH Aldrich 
Anhydrous dimethyl formaldehyde (DMF) C3H7NO Merck 
Dimethyl sulfoxide C2H6SO Merck 
Hydrochloric and Hydrofluoric acid HCl and HF Sigma &Aldrich 
Single crystal of p-Si  p-type  
Perchloric acid) and Nitric acid HClO4 and HNO3 Merck 

 

2.2 Fabrication of [ZrO2-BTB]C 

To synthesize zirconium nanoparticles [ZnO2]NPs, 1.0 M solution was prepared by dissolving 15.43 g 

of high purity zirconium (IV) nitrate in 100 ml double-distilled (DD) water under magnetic stirring. 

Another 1.5M solution was prepared by dissolving 18.91 g of high purity oxalic acid in 100 ml DD water. 

This second solution was added into the first one and the stirring continued for 2 h at 50 °C. The mixed 

solution was aged for 10 h at room temperature (RT) then stirred at 80 °C for 30 min [39]. 0.5 g BTB 

was dissolved in 25 ml DD water/ethanol (50:50 %) at 50 °C and magnetic stirring for 1 h till the complete 

dissolution of BTB. The homogenous BTB solution was doped with the prepared sol-gel [ZrO2]NPs at 

ratio  𝑊𝑊 =  0.5% 𝑤𝑤𝑤𝑤. using the equation: 𝑊𝑊(𝑤𝑤𝑤𝑤. %) = � 𝑤𝑤𝑍𝑍𝑍𝑍𝑍𝑍2 𝑁𝑁𝑁𝑁𝑁𝑁𝑤𝑤𝐵𝐵𝐵𝐵𝐵𝐵+𝑤𝑤𝑍𝑍𝑍𝑍𝑍𝑍2 𝑁𝑁𝑁𝑁𝑁𝑁� 𝑥𝑥100 where 𝑤𝑤𝑍𝑍𝑍𝑍𝑍𝑍2 𝑁𝑁𝑁𝑁𝑁𝑁 and 𝑤𝑤𝐵𝐵𝐵𝐵𝐵𝐵 is the [ZrO2]NPs and BTB weights, respectively. Finally, the solutions were cast into cleaned glass 

Petri dishes and placed in an oven to dry at 60 °C for 24 h in air. The homogenous solution was peeled 

off from the Petri dishes and care was taken to obtain the polymer thin film [ZrO2-BTB]C of uniform 

thickness. Finally, [ZrO2-BTB]C was kept in zipper bags to prevent humidity influence. 

 

2.3 Characterization 

Characterization methods and typical conditions are listed in Table 2. 

Table 2. List of characterization methods. 
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Characterization method Model used and specifications 
FT-IR Perkin-Elmer FT-IR type 1650 spectrophotometer (wavelength range 4000 – 

200 cm-1). 
XRD Philips X-ray diffractometer (model X’pert) with monochromatic Cu Kα 

radiation operated at 40 kV and 25 mA.  
SEM Scanning Electron Microscopy (SEM; Inspect S, FEI, Holland), operated at 

an accelerating voltage of 3.0 kV 
Thermal Evaporator Edwards type E 306 A, England 
Film thickness Model FTM4. Edwards, England 
UV SHIMADZU UV-3101 UV–vis–NIR pc. 

 

3. Results and discussions 

Scheme 1 summarizes the reaction of [BTB] ethanolic solution with [ZrO2]NPs to form [ZrO2+BTB]C 

compound. Mechanism of reaction between [BTB] in (50:50 v/v) aqueous/ethanolic solution with 

[ZrO2]NPs by using a spin coating (Sol-Gel Method) for the formation and decomposition [40]. The 

reaction of [ZrO2]NPs with BTB is shown in Scheme 1 to form the novel [ZrO2+BTB]C nanocomposite. 

(50:50 v/v) aqueous/ethanolic solution

[ZrO2]NPs
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Br

OH

Br
HO

Zr

O
O

S

O
O

O

Br

OH

Br
HO

3,3-bis(3-bromo-4-hydroxy-5-isopropyl-2-
methylphenyl)-3H-benzo[c][1,2]oxathiole 1,1-

dioxide [BTB]

ZrO2-3,3-bis(3-bromo-4-hydroxy-5-isopropyl-2-methylphenyl
benzo[c][1,2]oxathiole 1,1-dioxide [ZrO2-BTB]C

Scheme 1. The mechanism formation of [ZrO2 +BTB]C 

 

3.1. Fourier Transform Infrared Spectroscopy (FT-IR) 

FT-IR reveals chemical changes to the structure of the dye and nanocomposite. Fig.1 and Fig. 2 show 

the experimental and simulation IR spectrum of [BTB] and [ZrO2+BTB]C, respectively [41]. In the 

experimental spectrum (Fig.1) for both [BTB] and [ZrO2+BTB]C, a strong absorption band was detected 

at 3400 cm−1 which can be attributed to stretching hydroxide group in BTB dye ν(OH) and intra- water 

molecular vibration (νOH) for both [BTB] and [ZrO2+BTB]C, respectively [42-43]. The bands at 2960 

cm−1 and 2868 cm−1 due to (νC-H) stretching of alkane in benzene ring for both [BTB] and [ZrO2+BTB]C.  

Bands at 1605 cm−1 and 1472 cm−1 were allocated to C-H bond stretching and bending vibrations (νCH 

and δCH) for both [BTB] and [ZrO2+BTB]C, respectively [44-45]. In contrast, absorption bands around 

1402 cm−1, 1193, and 1160 cm−1, were attributed to antisymmetric ν(o=S=O) for both [BTB] and 



5 

 

[ZrO2+BTB]C. Moreover, the bending vibration of the ether (glycosidic) linkage δ (S-O-C) was 

designated by a strong peak at 1040 cm−1 [46].  The [ZrO2+BTB]C spectrum (Blue color) presents besides 

the above bonds a peak that is not found in that of [BTB], particularly at 3480 cm-1 is due to Zr-OH2 

rocking of water. And also, the spectrum of the ZrO2+BTB]C exhibit additional FTIR strong bands at 570 

cm-1, 543 cm-1 and 464 cm-1 assigned to ν (M–O) modes [47]. 
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Fig. 1. The FTIR spectra experimental data of [BTB] and [ZrO2+BTB]C.  

 

The Gaussian simulation spectra for both [BTB] and [ZrO2+BTB]C have been studied in an isolated 

state. A strong absorption bands were detected at range 3600 cm−1 to 3850 cm-1 which can be attributed 

to intra- water molecular vibration (νOH) for both [BTB] and [ZrO2+BTB]C. The bands at range 2900 – 

3100 cm−1 were allocated to C-H bond stretching and bending vibrations (νCH and δCH) for both [BTB] 

and [ZrO2+BTB]C. this vibration of νCH and δCH also appear at range 1500 – 1600 cm−1. In contrast, the 

absorption bands around at 1200-1300 cm−1 were attributed to antisymmetric (νC-S-O) for both [BTB] and 

[ZrO2+BTB]C. The [ZrO2+BTB]C spectrum presents besides the in above bond peaks that are not found 

in that of [BTB], particularly at 549 cm−1 452 cm−1 which are allocated to metal oxide (Zr-O) [48-49].  
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Fig. 2(a-b). The FTIR spectra Gaussian data of [BTB] and [ZrO2+BTB]C. 

 

It has been concluded that when the comparison between FTIR experimental data for [BTB] and 

[ZrO2+BTB]C as thin films (Fig. 1) and IR Gaussian simulation for [BTB] and [ZrO2+BTB]C as isolated 

state or gas state (Fig. 2(a-b)) that has a good agreement [50]. These agreements in peak intensities and 

locations confirmed the formation of the predicted [ZrO2+BTB]C structure in Scheme 1. 

 

3.2.  XRD 

The X-ray powder diffraction analysis (XRD) is used to identify atomic configurations of orientation 

and crystalline phases:  structure, target direction, change in order-disorder, thermal expansions, and 

thickness measurements for thin films and multilayer [51-52]. In an XRD study, a diffractogram indicates 

(a) 

(b) 
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the frequency according to the angle of diffraction. Fig. 3 shows the experimental XRD diffractograms 

for both [BTB]TF and [ZrO2+BTB]C. XRD patterns of [BTB]TF polymer show distinguished peaks with 

hkl at (101) and (200) as semicrystalline powder behavior. However, the XRD pattern of [ZrO2]NPs 

illustrates several peaks in the range of 4º < 2θ < 80 º with hkl at (250), (311), (241) and (7�12). The high 

crystallinity and the high order within the sample were identified. The specific distributed signals and the 

position of the peaks (2θ) show also the structure of the organic compound. Finally, the highest peaks in 

this pattern with hkl can be observed at (101), (200), (250), (311), (241) and (7�12) corresponding to the 

crystalline aspect of [ZrO2+BTB]C nanocomposite. 

The Bragg diffraction proves that both [BTB]TF, [ZrO2]NPs, and [ZrO2+BTB]C have orthorhombic 

symmetry with different crystalline structure parameters [53-54] tabulated in Table 3. The main cause of 

this crystallization is probably the introduction of [ZrO2]NPs to [BTB]TF. The machine error, root mean 

square deviation (rmse), and orthodromic cell volume of [BTB]TF, [ZrO2]NPs, and [ZrO2+BTB]C lattices 

are illustrated in Table 3. The averaged-spacing distance between atomic layers is 2.454 Å, 2.525 Å, and 

2.878 Å for [BTB]TF, [ZrO2]NPs, and [ZrO2+BTB]C, respectively. Table 3 provides peak data of [BTB]TF, 

[ZrO2]NPs, and [ZrO2+BTB]C using the Bragg equation while the d-spacing for the strongest crystalline 

signal is calculated with the Debye – Scherrer equation. This equation is 𝐹𝐹𝑊𝑊𝐹𝐹𝐹𝐹(2θ) = (𝑏𝑏𝑏𝑏 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷⁄ ) in 

terms of 2θ, where FWHM is the full width of the peak, 2θ is the scattering angle in radians, 𝑏𝑏 is the 

wavelength, b is a constant, which normally takes a value between 0.89 and 0.94 depending on the 

function used to fit the peak, and D is the dimension of the crystallites as if they were cubes, 

monodisperse in size. Therefore, for different reflections and different crystallite shapes, the 

interpretation of D must be treated with some care. For polydisperse systems, D is a measure of the 

volume-averaged crystallite size. Thus, the [BTB]TF, [ZrO2]NPs and [ZrO2+BTB]C average crystallite size 

are   Dav=31.63 nm, Dav=23.74 nm and Dav=18.21 nm, respectively. This decrease in the average 

crystallite size of [ZrO2+BTB]C indicates a relatively low graphitization degree even after treatment and 

correlates. The simulation data conducted using Crystal Sleuth software (Program REFINE Version 3.0) 

Kurt Barthelme’s and Bob Downs) and material studio software (PMP predict) is in great 

compliance with experimental XRD patterns (Fig. 4) [55].  

https://www.sciencedirect.com/topics/materials-science/crystallite
https://www.sciencedirect.com/topics/materials-science/crystallite-size
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Fig. 3. Experimental XRD pattern of [BTB]TF, [ZrO2]NPs and [ZrO2+ BTB]c 

 

Table 3. **Program REFINE Version 3.0** Kurt Barthelme’s and Bob Downs, 1998 

Symmetry constraint Observed Calculated Difference FWHM I/I0 
 2θ o d hkl 2θ o d 2θ o d nm nm 
Orthorhombic          
λ = 1.540562 Å 17.58 5.021 101 17.595 5.017 0.0153 0.00431 0.5221 566.469 
a = 7.38(5); b= 18.178(6); 
c= 26.10(3) Å               

19.94 4.434 200 19.912 4.440 -0.029 -0.0064 0.3783 
147.929 

α= β= γ= 90ο 25.58 3.471 250 25.623 3.465 0.0480 0.00637 1.8643 2453.73 
rmse = 0.00027552729 29.89 2.979 311 29.852 2.984 -0.0416 -0.0041 1.4424 169.990 
Machine error= 0.068 53.34 1.714 241 53.351 1.714 0.0096 0.00028 2.6100 145.047 
Volume = 5300(27)                   72.01 1.309 7�12 72.008 1.309 -0.0030 -0.0001 0.7071 86.5590 

 

Using the Materials Studio and Crystal Sleuth software results, the unit cell lattice parameters (a, b, 

c, α, β and γ) and space group (P61) of [BTB]TF, [ZrO2]NPs, and [ZrO2+ BTB]c are tabulated in Table 3. 

The first step in the simulation was the preparation of the [BTB]TF and [ZrO2+ BTB]c layers. The free 

ligand [BTB]TF and [ZrO2]NPs layers of [ZrO2+ BTB]c were constructed using atomic coordinates from 

the previously reported crystal structure of the American Mineralogist Crystal Structure Database [56-

57], whose X-ray crystal structure had been refined in an orthorhombic. The differences are not 

significant when one considers that the reported uncertainties are those of the fit, not including any effects 

arising from systematic errors. 
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Fig. 4. Simulation XRD pattern of [BTB]TF and [ZrO2+ BTB]c by using Material Studio. 

 

 

3.3. SEM 

Quantitative structural characterization was carried out using SEM images of the fabricated 

nanocomposite materials. Topographic features of both [BTB]TF and [ZrO2+ BTB]c as-deposited thin 

films (150 nm thickness), by using SEM images, were studied as shown in Fig. 5(a-b).  As seen in Fig. 

5a, the as-obtained films of [BTB]TF prepared by the Sol-Gel method aggregated easily and formed nano 

spherical aggregates. The average calculated value of particle size by SEM images for [BTB]TF spherical 

films is 35 ± 5 nm, which coincides with that obtained by XRD measurements. On the other hand, Fig. 

5b displays SEM images of [ZrO2+ BTB]c as-deposited thin films. Image of [ZrO2+ BTB]c shows a one-

dimensional morphological structure with arranged, densely packed fibrous nanowires (i.e, like rods 

shapes) or brush such as a uniform structure was grown. By using the image j software program, Fig. 5b 

shows a long-range uniformity of the nanowires with an average thickness of ≅ 0.45  µm ± 15 nm and 

the length in the range ≅ 4.12  µm ± 38 nm for. 

A larger surface region is accorded by microfiber structures resulting from the synthesis of the 

nanocomposite thin films. The fabrication of [ZrO2+ BTB]c microfibers derives from a self-assembling 

process of co-[ZrO2]NPs – [BTB]TF units, which contain 𝜋𝜋-type bonds. Clarification for the process of 
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self-assembling as reported by [58-61], which consider both the intermolecular 𝜋𝜋 → 𝜋𝜋∗ interactions with 

the hydrogen bonds linked between [ZrO2]NPs-[BTB]TF chains. 

 

  

Fig. 5 Top view of the prepared [BTB]TF and [ZrO2+ BTB]C thin films (150 nm) using the SEM technique. 
 

3.4. Molecular electrostatic potential (MEP), electron density (ED) and Potential of [BTB] and 

[ZrO2+BTB]C. 

The active location of MEP is displayed by a 3D illustration in Fig. 6(a) and Fig. 6(d) for [BTB] and 

[ZrO2+BTB]C, respectively. The blue color constitutes the propitious zone for the nucleophilic attack, 

while the propitious zone for electrophilic attacks is constituted by a red color. The potential range [P] of 

the matrix BTB and [ZrO2+BTB]C in the isolated molecule and crystal models are -6.553×10-2 ≥[P]≥ 

6.523×10-2   and -7.063×10-2 ≥[P]≥ 7.063×10-2, respectively, while the increase follows the order: red < 

brown < blue [62]. The blue color is the largest attraction, whereas the red color is a powerful repudiation. 

The diagram of the MEP reveals that nitrogen electronegative atoms reflect the regions of negative 

potential and hydrogen atoms have a positive potential [63]. The chemical and physical similarities of 

[BTB] and [ZrO2+BTB]C have been investigated by utilizing the electron density and the electrostatic 

potential. The basic principle of DFT Fig. 6(a) and Fig. 6(d), the use of electron density as the essential 

factor to define the ground state of many-electron systems is further discussed for [BTB] and 

[ZrO2+BTB]C, respectively. The potential possible diagrams of [BTB] and [ZrO2+BTB]C (Fig. 6(b) and 

Fig. 6(e)), the potential growth of [BTB] is shown to be lower than that of [ZrO2+BTB]C. This indicates 

an increased probability of electron transition in [ZrO2+BTB]C. The MEP has been used to describe the 

electrostatic potential depending on the constant electron density surface.  

 

(a) (b) 
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Fig. 6 a) MEP of [BTB]; b) Electron density of [BTB] ; c) Potential of [BTB], d) MEP of 
[ZrO2+BTB]C; e) Electron density of [ZrO2+BTB]C and e) Potential of [ZrO2+BTB]C by using DFT 
calculation in material studio and Gaussian software programs  

(a) 

(b) (e) 

(c) 

(d) 

(f) 
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3.5.  Optical properties of both [BTB]TF and [ZrO2+BTB]C thin films 

UV–Vis spectroscopy indicates absorbent spectroscopy in this region of spectra. Since the atoms and 

molecules experience electronic transformations in the ultraviolet-visible region of the spectrum. Both 

bromothymol blue [BTB]TF and [ZrO2+BTB]C thin films were more validated by UV-Vis absorption 

spectroscopy as shown in Fig. 7. The spectra measurements for [BTB]TF and the hybrid [ZrO2+BTB]C 

were measured using a spectrophotometer at room temperature in the wavelength range as 250 𝑛𝑛𝑛𝑛 ≤𝑏𝑏 ≤ 700 𝑛𝑛𝑛𝑛. The spectra of all features of [BTB]TF thin-film discover three bands of absorption at 280, 

328, and 422nm, respectively. The band of 𝑏𝑏𝑚𝑚𝑚𝑚𝑚𝑚 = 422 𝑛𝑛𝑛𝑛 is the maximum broadband (i.e, the core 

band of BTB) of a wavelength region ranged from 360 𝑛𝑛𝑛𝑛 <λ< 550 𝑛𝑛𝑛𝑛.  

Also, Fig. 7 shows the UV-Vis absorption spectrum for the hybrid nanocomposite of 

[ZrO2+BTB]C thin film. The spectrum is characterized by three band peaks, but with a double value of 

absorbance. This may be due to the ZrO2 molecules.  Since adding the ZrO2 in the [BTB] dye matrix 

increases the peak strength. There is therefore a chemical reaction between the two components in the 

matrix, and the increase in absorption is due to the increase in the percentage of ZrO2, which is the 

absorbing component.  

Moreover, there are no shifts in first and second band peaks maximum wavelengths (i.e, λmax. 

are 280nm and 328 nm). While the third band peak has been divided into two sharp peaks with λmax 

equal to 416nm and 422nm, respectively. The three absorption peaks at about 280, 328, and 422 nm are 

attributed to the electrons transition from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital LUMO, which is related to  𝜋𝜋 → 𝜋𝜋* electronic transition for both [BTB]TF 

and [ZrO2+BTB]C [64-68]. 

200 300 400 500 600 700

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 [BTB]
TF

 [BTB+ZrO
2
]
C

(422, 1.6)

(422, 3.469)

(280, 1.686)

(280, 0.858)

(328, 1.484)

(328, 0.775)

Wavelength, λ (nm)

A
b
s
o
rb

a
n
c
e
 (
a
.u

.)

(a)

 



13 

 

Fig.7 a) UV–vis absorption spectra of [BTB]TF and [ZrO2+BTB]C  

3.6 Energy gaps calculations by Tauc’s and DFT simulation 

The calculated energy bandgap (𝐸𝐸𝑔𝑔) of the [BTB]TF and [ZrO2+BTB]C were computed with the 

help of absorption spectra. The Tauc’s relation is employed to compute the 𝐸𝐸𝑔𝑔 values from absorption 

spectra: 

                                              (𝛼𝛼ℎ𝜈𝜈)𝑚𝑚 = 𝐴𝐴�ℎ𝜈𝜈 − 𝐸𝐸𝑔𝑔�                      (1) 

Where A is independent energy constant and hν is the energy of incident photons and m = 1/2 and 2 for 

direct (𝐸𝐸𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑) and indirectly allowed (𝐸𝐸𝑔𝑔𝑑𝑑𝑍𝑍𝑑𝑑) transitions. The 𝐸𝐸𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑and 𝐸𝐸𝑔𝑔𝑑𝑑𝑍𝑍𝑑𝑑 transitions for the [BTB]TF and 

[ZrO2+BTB]C nanocomposite thin films were computed by utilizing Eq. (1). Fig. 8(a-b) shows the plot 

of (𝛼𝛼ℎ𝜈𝜈)0.5 𝑥𝑥 103 (eV/m)0.5 versus photon energy ℎ𝜈𝜈 (eV), for both [BTB]TF and a mixture of 

[ZrO2+BTB]C [BTB] thin films (Thickness 150 ± 5 nm) [69]. At higher photon energies, the relationship 

between (αhν)2 or (αhν)0.5 and (hν) are depicted in Fig. 8(a and b)), which denotes that direct and indirect 

optical transitions are likely for both [BTB]TF and [ZrO2+BTB]C films. The straight-line portions of these 

curves are extrapolated to zero to compute the actual value of optical band gaps, 𝐸𝐸𝑔𝑔𝑑𝑑𝑍𝑍𝑑𝑑 and 𝐸𝐸𝑔𝑔𝑑𝑑𝑍𝑍𝑑𝑑  are 

(2.251 and 2.252 eV) and (2.596 and 2.649 eV) for both [BTB]TF and [ZrO2+BTB]C film, respectively. 

 

The values of 𝐸𝐸𝑔𝑔𝑑𝑑𝑍𝑍𝑑𝑑 of the [BTB]TF is 2.251 eV, nearly the same for [ZrO2+BTB]C with 2.252 eV 

as depicted in Fig. 8(a). Fabrication of [ZrO2+BTB]C nanocomposite thin films may introduce energy 

levels inside the bandgap. The same behavior is also observed for 𝐸𝐸𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑, which increased from 2.596 

([BTB]TF) to 2.649 eV after fabricating [ZrO2+BTB]C nanocomposite film. 
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Fig.8 a) The computed band gaps of [BTB]TF and [ZrO2+BTB]C using Tauc’s equation. b) Figure is 
computed HOMO and LUMO using DFT by DMol3. 
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Fig. 8(b) shows the DFT/CASTEP program geometry optimization technique used density functional 

theory (DFT) to estimate direct gap widths of for both [BTB]TF and [ZrO2+BTB]C. The values of ∆𝐸𝐸𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜.
 = 

2.897 eV and 2.492 eV for [BTB]TF and [ZrO2+BTB]C, respectively. Since, ∆𝐸𝐸𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜.is defined as the lower 

energy value and is assigned to Frankel-exciton generation or a bound electron-hole pair [70-71] is 

calculated from the difference between HOMO and LUMO by using the DMol3 method in DFT as shown 

in Fig. 8(b). The energy gap between the HOMO and LUMO is a critical parameter determining the 

electronic, optical, redox, and transport (electrical) properties of the [BTB]TF and [ZrO2+BTB]C thin 

films. In comparison with experimental values, the simulated values are very near to the DFT/CASTEP 

geometry optimization method values acquired by using DFT. Comparing experimental with simulated 

CASTEP data for the energy gap  ∆𝐸𝐸𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜. found that the variation value between the experimental and 

simulated values of both [BTB]TF and [ZrO2+BTB]C. Therefore, simulated CASTEP data and Tauc’s 

model can be utilized effectively to determine  ∆𝐸𝐸𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜. and the electronic transition type, respectively. 

The difference between the experimental and simulated CASTEP data of the optical energy gap of both 

[BTB]TF and [ZrO2+BTB]C thin films are ∆𝐸𝐸𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜.
= 0.646 𝑒𝑒𝑒𝑒 (𝐼𝐼𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝑒𝑒𝐷𝐷𝑤𝑤)and ∆𝐸𝐸𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜.

=

0.301 𝑒𝑒𝑒𝑒 (𝐷𝐷𝐼𝐼𝐼𝐼𝑒𝑒𝐷𝐷𝑤𝑤) for [BTB]TF. And also, the ∆𝐸𝐸𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜. values are  0.645 𝑒𝑒𝑒𝑒 (𝐼𝐼𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝑒𝑒𝐷𝐷𝑤𝑤) and 

0.157 𝑒𝑒𝑒𝑒 (𝐷𝐷𝐼𝐼𝐼𝐼𝑒𝑒𝐷𝐷𝑤𝑤) for [ZrO2+BTB]C thin films. 

 

3.7 Optical Dispersion constants 

Polymers, dyes, and organic/inorganic compounds are of great importance in the creation of 

nanomaterials and other equipment such as optoelectronic devices or solar cells. The refractive index 

n(λ) and extinction coefficient k(λ) values, which included both refraction and absorption based on the 

interaction between the material being studied and the light-incident. n(λ) has a phase velocity correlation 

with the dispersion, while k(λ) is linked to a mass reduction coefficient and permits the computation of 

the electromagnetic wave dissipation rate material. The spectroscopic reflectometry measurement of 

transmission and reflectance permits the n(λ) and k(λ) versus photon energy (hν) has been studied. 
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Fig.9 a) The spectral dependence of both the absorption index k(λ) and the refractive index n(λ)  as a 
function of ℎ𝑣𝑣(𝑒𝑒𝑒𝑒) for [BTB]TF and [ZrO2+BTB]C. b-c) Simulated [BTB] and [ZrO2+BTB]C using 
CATSTEP optical properties, respectively. 
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The spectral properties of n(λ) and k(λ) versus (ℎ𝜈𝜈) values for [BTB]TF, [ZrO2+BTB]C as-

deposited thin films (thickness 150 nm) over a range 1.0–5.5 eV of (ℎ𝑣𝑣) are given in Fig. 9(a-b). Where 

the mathematical formula of both n(λ) and k(λ) is given by Eqs. (2) and (3) [72] as follows: 

                                          𝑛𝑛(𝑏𝑏) =  �1+𝑅𝑅1−𝑅𝑅� + �� 4𝑅𝑅
(1−𝑅𝑅)2� − 𝑘𝑘2        (2) 

𝑘𝑘(𝑏𝑏) =  
𝛼𝛼𝛼𝛼4𝜋𝜋                     and           𝛼𝛼 =

1𝑑𝑑 ln �(1−𝑅𝑅)22𝐵𝐵 + �(1−𝑅𝑅)44𝐵𝐵2 + 𝑅𝑅2�                 (3) 

As observed from Fig. 9(a), both n(λ) and k(λ) show similar spectral behavior to each other in the 

photon energy range from 1.0 𝑒𝑒𝑒𝑒 ≤ ℎ𝑣𝑣 ≤ 5.5 𝑒𝑒𝑒𝑒. Since both n(λ) and k(λ) spectral behaviors depend on 

the type of material. We can classify the patterns into two parts: (i) the first part in 2.25 𝑒𝑒𝑒𝑒 ≤ ℎ𝑣𝑣 ≤
3.45 𝑒𝑒𝑒𝑒 represents the main characteristic broad peak. For [BTB]TF as-deposited film n(𝑏𝑏) pattern shows 

a maximum peak of  𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚. (=9.490) at ℎ𝑣𝑣 = 2.94 𝑒𝑒𝑒𝑒 , while n(λ) for [ZrO2+BTB]C film the spectral 

behavior has been splitting into two peaks with {(i.e, 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚. (=14.026) at ℎ𝑣𝑣 = 2.55 𝑒𝑒𝑒𝑒) and  𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚. 

(=14.026) at ℎ𝑣𝑣 = 3.18 𝑒𝑒𝑒𝑒) for the first and second peaks respectively}. Regarding k(λ) parameter in the 

range, 2.25 𝑒𝑒𝑒𝑒 ≤ ℎ𝑣𝑣 ≤ 3.45 𝑒𝑒𝑒𝑒 is characterized by a sharp peak with (𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚. = 1.165  at ℎ𝑣𝑣 = 2.94 𝑒𝑒𝑒𝑒). 

(ii) second part in the photon energy ℎ𝑣𝑣 > 3.45 𝑒𝑒𝑒𝑒 is characterized by another two broad peaks for both 

[BTB]TF and [ZrO2+BTB]C as-deposited thin films. Where, 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚. (1
st peak) are 1.81 and 8.0 at ℎ𝑣𝑣 =

3.72 𝑒𝑒𝑒𝑒 for [BTB]TF and [ZrO2+BTB]C respectively. While, 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚. (2
nd peak) are 2.01 and 12.0 at (ℎ𝑣𝑣 =

4.41 𝑒𝑒𝑒𝑒) for [BTB]TF and [ZrO2+BTB]C respectively. On the other hand,  𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚. ( 1
st and 2nd peaks) are 

0.20 (ℎ𝑣𝑣 = 3.72 𝑒𝑒𝑒𝑒) and 0.41 (ℎ𝑣𝑣 = 4.41 𝑒𝑒𝑒𝑒) for [BTB]TF and [ZrO2+BTB]C respectively. These 

obtained maximum peaks were attributed to the π→π∗ transition due to the presence of benzenoid rings 

[73-74]. CASTEP method in DFT calculations of [BTB]TF and [ZrO2+BTB]C as– single crystal was 

utilized to predict n(λ) and k(λ) values (Fig. 9-b). It is also important to note that the simulation curve 

presents an approximate similarity for n(λ) and k(λ) with a shift towards the highest energies with lower 

peak intensities. The maximum peaks obtained for n(λ) and k(λ) are obtained ℎ𝑣𝑣 ≅ 4.15 − 4.50 𝑒𝑒𝑒𝑒. 

 

3.8 Dielectric constants and optical conductivity 

Complex dielectric function (𝜀𝜀∗) is related to both n(λ) and k(λ) as [75,76]: 

                                      𝑛𝑛(𝑏𝑏) + 𝐼𝐼𝑘𝑘(𝑏𝑏) = √𝜀𝜀∗                    (4) 

Where the real and imaginary parts of 𝜀𝜀∗ are 𝜀𝜀1(𝑏𝑏) and 𝜀𝜀2(𝑏𝑏), respectively. The real dielectric 

constant (𝜀𝜀1(𝑏𝑏)) generally relates to dispersion, while the imaginary dielectric constant (𝜀𝜀2(𝑏𝑏)) provides 

a measure to the dissipative rate of the wave in the medium [77]. Also, it indicates the loss of energy in 
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a dielectric material through conduction slow polarization currents and other dissipative phenomena. 

Where the loss factor expressed by the ratio 𝜀𝜀2(𝑏𝑏)/𝜀𝜀1(𝑏𝑏). Both 𝜀𝜀1(𝑏𝑏), and 𝜀𝜀2(𝑏𝑏) are evaluated using the 

relation [78]: 

                            𝜀𝜀1(𝑏𝑏) =  𝑛𝑛2 − 𝑘𝑘2   𝑎𝑎𝑛𝑛𝐼𝐼       𝜀𝜀2(𝑏𝑏) = 2𝑛𝑛𝑘𝑘                                      (5) 

Fig. 10(a-c) show the spectra of 𝜀𝜀1(λ) and 𝜀𝜀2(λ) as a function of photon energy experimentally and 

simulated by using the CASTEP method in DFT for as-deposited [BTB]TF and [ZrO2+BTB]C thin films. 

From Fig.10, it is observed, the calculated values of the real part 𝜀𝜀1(λ) are higher than of the imaginary 

part  𝜀𝜀2(λ)  for both [BTB]TF and [ZrO2+BTB]C thin films. Also, 𝜀𝜀1(λ) 𝑎𝑎𝑛𝑛𝐼𝐼 𝜀𝜀2(λ) parts for [BTB]TF films 

spectral profile have the same trend of behavior. During the whole spectra ranged from 1.5 𝑒𝑒𝑒𝑒 ≤ ℎ𝑣𝑣 ≤
5.5 𝑒𝑒𝑒𝑒 , [BTB]TF pattern is characterized by a main broad peak in the photon energy range 2.5 𝑒𝑒𝑒𝑒 ≤ℎ𝑣𝑣 ≤ 3.5 𝑒𝑒𝑒𝑒. Since the maximum value of both  𝜀𝜀1(λ) 𝑎𝑎𝑛𝑛𝐼𝐼 𝜀𝜀2(λ) has been obtained correspond to ℎ𝑣𝑣 =

2.94 𝑒𝑒𝑒𝑒. But, in the case of [ZrO2+BTB]C nanocomposite thin film, the spectral behavior is characterized 

by three broad peaks corresponding to photon energies of 2.94 eV, 3.75 eV, and 4.41 eV. At the same 

time, 𝜀𝜀1(λ)  maximum spectral peak of [ZrO2+BTB]C nanocomposite film has severed into two peaks 

corresponding to 2.71 eV and 3.17 eV respectively. The creation of the three peaks in a photon energy 

range 1.5eV to 5.5 eV   in 𝜀𝜀1(λ)  and 𝜀𝜀2(λ) patterns could be attributed due to   𝜋𝜋 → 𝜋𝜋∗  electronic 

transition. Also, the  
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Fig. 10 a) Experimental 𝜀𝜀1(λ)  and 𝜀𝜀2(λ) via hν for [BTB]TF and [ZrO2+BTB]C, b) ɛ1 and ɛ2 simulation 
optical prop erties for [BTB] and [ZrO2+BTB]C by using CASTEP method in DFT 

 

Interactions between photons and electrons in both [BTB]TF and [ZrO2+BTB]C leads to the 

variations of both 𝜀𝜀1(λ)  and 𝜀𝜀2(λ) profiles. Additionally, the ratio 
𝜀𝜀1(𝛼𝛼)𝜀𝜀2(𝛼𝛼)

 are 10 times, for both [BTB]TF 

and [ZrO2+BTB]C films, which means that 𝜀𝜀1(λ)  is predominated.  By using the CASTEP method in 

DFT, the maximum values of 𝜀𝜀1(λ)  and 𝜀𝜀2(λ) are related to frequency ≅ 3.12eV and 4.89 eV for 

[BTB}TF, respectively, as shown in Fig. 10b. And, the maximum values of 𝜀𝜀1(λ)  and 𝜀𝜀2(λ) are related 

to frequency ≅ 3.75eV and 5.00eV for [ZrO2+BTB}C, respectively, as shown in Fig. 10c. 

Finally, it is remarked that, the outcomes from the experimental technique and CASTEP 

calculations for the maximum peaks of 𝜀𝜀1(λ)  and 𝜀𝜀2(λ) for [BTB]TF and [ZrO2+BTB}C films is located 

at range hν ≅2.71-3.17 eV( precisely at ℎ𝑣𝑣= 2.94 eV) . Since, 𝜀𝜀1(λ) is predominated case, the actual 

comparison must be between the 𝜀𝜀1(λ) values in experimental method and 𝜀𝜀1(λ) calculated from the 

CASTEP method which overall is in the range of ℎ𝜈𝜈 ≅ 3.75-4.5 eV. The electrical conductivity of any 

semiconducting materials depends initially on the state of the delocalization of the electrons. The 

movement of charge carriers such as ions and electrons in the crystal lattice, and induced by the incident 

(b) 

(c) 
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electromagnetic waves, stimulate also an increase of conductivity. While the optical response of the 

material is determined by the complex optical conductivity 𝜎𝜎∗(𝑏𝑏) established by the following expression 

[79]: 

                   𝜎𝜎∗(𝜔𝜔) =  𝜎𝜎1(𝜔𝜔) + 𝐼𝐼𝜎𝜎2(𝜔𝜔)                                                   (6) 

Where (𝜎𝜎1(𝑏𝑏)) is the real part and (𝜎𝜎2(𝑏𝑏)) is the imaginary part of the optical conductivity. The values 

of real and imaginary parts are given by the relations [80,81]: 

                                   𝜎𝜎1(𝜔𝜔) = 𝜔𝜔𝜀𝜀2𝜀𝜀0 = 2𝜔𝜔𝜀𝜀0𝑛𝑛𝑘𝑘                                                                       (7) 

                             𝜎𝜎2(𝜔𝜔) = 𝜔𝜔𝜀𝜀1𝜀𝜀0 =  𝜔𝜔𝜀𝜀0(𝑛𝑛2 − 𝑘𝑘2)                                                                         (8) 

Where 𝜔𝜔 is the angular frequency, 𝜀𝜀0 𝑤𝑤ℎ𝑒𝑒 permittivity of free space (free space dielectric constant). The 

dependence of the real and imaginary parts of the optical conductivity on the incident photon energy of 

our samples is shown in Fig.11 (a-c). 

Fig. 11 shows the dependence of optical conductivity of [BTB]TF and [ZrO2+BTB]C thin films (150nm 

thickness) with photon energy ranged from 1.5 𝑒𝑒𝑒𝑒 ≤ ℎ𝑣𝑣 ≤ 5.5 𝑒𝑒𝑒𝑒. Where, Fig. 11a displays the 

experimental behavior of the optical conductivity with ℎ𝑣𝑣, while Figs.11 (b and c) demonstrates the 

simulation using CASTEP in the DFT method of [BTB]TF and [ZrO2+BTB]C, respectively. From Fig. 

11a, it is observed that, the spectral behavior of 𝜎𝜎1  and 𝜎𝜎2 have the same pattern as that 𝜀𝜀2(𝑏𝑏) and 𝜀𝜀1(𝑏𝑏), 

respectively. Since Optical conductivity activity may be attributed due to the excitation of electrons.  

The real conductivity (𝜎𝜎1) for [BTB]TF has a unique characterized broad peak of (4×106 Ω -1 m -1 

at hν= 2.94 eV), while [ZrO2+BTB]C thin film has three distinct peaks at (72.75×105, 8.39×106, and 

65.14×105 Ω-1 m-1) corresponding to photon energies (2.94, 3.75, and 4.41eV), respectively. On the other 

hand, 𝜎𝜎2 imaginary optical conductivity, for [BTB]TF still has a single peak at the same photon energy as 𝜎𝜎1. But, in the case of [ZrO2+BTB]C a splitting in the 1st distinguished peak into two of energies 2.71 and 

3.18 eV, respectively. Also, an increase in the maximum values of  𝜎𝜎2 of both 2nd and 3rd peaks. Enhances 

of the optical conductivity of [ZrO2+BTB]C film may be attributed to the high absorption coefficient 

associated with charge ordering effect and refractive index. Where the optical conductivity and the 

absorption coefficient are related by the following relation [82-83]: 𝜎𝜎 = 𝛼𝛼𝑛𝑛𝐷𝐷 4𝜋𝜋⁄ , where c is the light 

speed, and α is the absorption coefficient. This relation tells us that the optical conductivity is linearly 

dependent on the refractive index and absorption coefficient.  

Finally, Fig. 11 (b-c) show the spectral dependence of optical conductivity σ(ω) versus photon energy 

(ℎ𝑣𝑣) for [BTB]TF and [ZrO2+BTB]C as-single by using CASTEP in the DFT simulation method. The 

simulation and experimental behavior of optical conductivity σ (ω) are similar in behavior with different 

intensity of peaks and the photon energies (ℎ𝑣𝑣) values. The simulation curves for [BTB]TF and 
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[ZrO2+BTB]C compounds indicate strong conformity compared with the experimental curve. Both σ1 

and σ2 of [BTB]TF and [ZrO2+BTB]C have a directly proportional with increasing  ℎ𝑣𝑣 up to 4.50 eV. 
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Fig. 11 a) Experimental  σ1 and σ2 via hν for [BTB]TF and [ZrO2+BTB]C, b-c) σ1 and σ2 
simulation optical properties for [BTB] and [ZrO2+BTB]C by using CASTEP method in 
DFT, respectively. 
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Conclusion 

In this work, novel bromothymol blue dyes [BTB]TF and [ZrO2+BTB]C as-deposited thin films are 

fabricated by using the Sol-gel spin coating technique. The molecular structural characteristics of 

[BTB]TF and [ZrO2+BTB]C compounds are determined using FTIR, MEP, ED techniques. The crystalline 

structure and morphology of [BTB]TF and [ZrO2+BTB]C films are investigated by XRD and SEM 

techniques. Since the nanofibers of [ZrO2+BTB], C film is attributed to the presence of [ZrO2]NPs.  the 

XRD reveals that the same crystal structure was remarked for [BTB]TF and [ZrO2+BTB]C (Orthorhombic) 

with space group (P61). Optical dispersion parameters, dielectric and optical conductivity properties of 

[4-[BTB]TF and [ZrO2+BTB]C as-deposited thin films are calculated experimentally and by simulation 

by using CASTEP in the DFT method. There is a good agreement between optical energy gap values 

determined by Tauc’s equation calculations and that obtained by DFT (DMol3) computations. Direct-

allowed electronic transition is the predominated case.  
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Figures

Figure 1

The FTIR spectra experimental data of [BTB] and [ZrO2+BTB]C.



Figure 2

The FTIR spectra Gaussian data of [BTB] and [ZrO2+BTB]C.



Figure 3

Experimental XRD pattern of [BTB]TF, [ZrO2]NPs and [ZrO2+ BTB]c



Figure 4

Simulation XRD pattern of [BTB]TF and [ZrO2+ BTB]c by using Material Studio.

Figure 5

Top view of the prepared [BTB]TF and [ZrO2+ BTB]C thin �lms (150 nm) using the SEM technique.



Figure 6

a) MEP of [BTB]; b) Electron density of [BTB] ; c) Potential of [BTB], d) MEP of [ZrO2+BTB]C; e) Electron
density of [ZrO2+BTB]C and e) Potential of [ZrO2+BTB]C by using DFT calculation in material studio and
Gaussian software programs



Figure 7

a) UV–vis absorption spectra of [BTB]TF and [ZrO2+BTB]C



Figure 8

a) The computed band gaps of [BTB]TF and [ZrO2+BTB]C using Tauc’s equation. b) Figure is computed
HOMO and LUMO using DFT by DMol3.



Figure 9

a) The spectral dependence of both the absorption index k(λ) and the refractive index n(λ) as a function
of hv(eV) for [BTB]TF and [ZrO2+BTB]C. b-c) Simulated [BTB] and [ZrO2+BTB]C using CATSTEP optical
properties, respectively.



Figure 10

a) Experimental ε_1 (λ) and ε_2 (λ) via hν for [BTB]TF and [ZrO2+BTB]C, b) ฀1 and ฀2 simulation optical
prop erties for [BTB] and [ZrO2+BTB]C by using CASTEP method in DFT



Figure 11

a) Experimental σ1 and σ2 via hν for [BTB]TF and [ZrO2+BTB]C, b-c) σ1 and σ2 simulation optical
properties for [BTB] and [ZrO2+BTB]C by using CASTEP method in DFT, respectively.
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