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ABSTRACT 

	The aim of this research is to establish the most stable structure of pentacene by forming hybrid with Zirconium-Disulfide (ZrS2) for organic electronic applications. We have investigated improvements in stability and delocalization of this material. The research is purely computational, started with the geometry optimization of the modified structure, which was performed by applying DFT with the B3LYP Exchange-Correlation functional and the 6-311G basis set as contained in the Burai 1.3 version of the Quantum Espresso software package. Then proceeded with the calculations of the electronic properties. The results obtained from the optimized parameters (bond length and bond angles) shows that the shortest bond length and smallest bond angle ware found in ZrS2-PENT formed at B3LYP/6-311G level of theory at atomic position R(2,3) and atomic orientation A(2,3,4) with values of 1.345 Å and 117.4560 respectively. The short bond length and small bond angle indicates changes in the molecular orientations and electronic properties. The calculations for the chemical indices, HOMO and LUMO energies, bandwidth and energy gap for Pentacene molecules and ZrS2-PENT hybrid were also done with the commonly used B3LYP (XC) functional for which the values of HOMO-LUMO gap was found to be1.82 eV. The HOMO and LUMO bandwidth ware found to be 0.69 eV and 0.78eV respectively which are significantly less than those obtained for the bulk pentacene and are in good agreement with the experimental values. The values for Ionization Potential and Electron Affinities were found to be 5.58 eV and 3.76 eV respectively. Also, the values computed for electronegativity, hardness, softness and electrophilic index were found to be 5.5155 eV,4.6045 eV,0.2998 eV and 4.3726 eV respectively which shows greater improvement. The results obtained may pave the way towards the development of new materials that could be implemented for the designing of durable and enhanced performance organic electronic devices.





Keywords: Stability, Delocalization, HOMO, LUMO, Band Gap, Band Width, Optoelectronics, pentacene, Zirconium Disulfide.

 


1. INTRODUCTION

Pentacene (C22H14) as an organic semiconductor (OSC) materials have garnered significant attention due to their potential applications in organic electronic devices such as Organic Field Effect Transistors (OFETs) (Dimitrakopoulos et al.2002), (Katz et al.2000), organic photovoltaic (OPVs) cells (Tang 1986), organic light emitting diodes (OLEDs) (Hung et al. 2002), flexible android version cell phones (FAVPs), flexible palm plate, organic memory devices and organic bio-sensors. It is classified as an p-type organic semiconductors showing excellent mobilities higher than 0.3cm2V-1S-1 (Katz et al. 2001) which is almost comparable to that of amorphous silicon (Gundlach et al. 1997). However, a critical aspect of their performance lies in the stability of their molecular structure and the degree of charge delocalization within their π-conjugated systems. Enhancing these properties is pivotal for improving the structural, electronic properties, charge transport and overall device performance.
Recent research have highlighted the role of molecular design in achieving these enhancements. For instance, the incorporation of Hafnium Disulfide into the molecular framework has been shown to improve the robustness of organic semiconductors. This strategy not only stabilizes the molecular arrangement but also facilitates π-π stacking interactions leading to little improved charge mobility (Kil et al. 2020). The use of some electron withdrawing derivatives such as Boron (Br) and Cyanide (CN) were reported to address the issue of structural disorder. These methods have been demonstrated to control the energy gap and ionization energy in this crystalline organic semiconductor blends, thereby optimizing the optoelectronic performance (Carina et al. 2019), (Florian et al. 2017). Additionally, engineering the band structure through the first principle calculations within the framework of density functional theory (DFT) have been performed for the pentacene molecule deposited on the aluminum Al(1 0 0) substrate to study the structural and electronic properties of the pentacene/Al(1 0 0) interface. The most stable configuration was found at bridge site with 45◦ rotation of the pentacene molecule on Al(1 0 0) surface with a vertical distance of 3.4A˚ within LDA and 3.8A˚ within GGA functionals (Saranya et al. 2012). Furthermore, the delocalization of excitons bound states of electrons and holes plays a crucial role in energy transport within organic semiconductors. Transient excitons delocalization, where excitons temporarily occupy extended states, has been identified as a mechanism that significantly enhances energy transport efficiency. This phenomenon enables exciton diffusion over longer distances, which is beneficial for organic electronic devices such as organic photovoltaics (Shu et al. 2023).
Zirconium Disulfide (ZrS2) is one of the Transition Metal Dichalcogenides (TMDs), that have emerged as promising materials in the realm of 2-dimensional (2D) semiconductors. It exhibits a tunable bandgap and strong light-matter interactions, positioning it as a potential component in next generation electronic and optoelectronic devices. Its layered structure allows for mechanical exfoliation into mono-layers, offering opportunities for integration with other materials to enhance device performance (Bradley et al. 2007). This research presented the incorporation of Pentacene (PENT) with ZrS2 to form a hybrid material that is aimed to synergize and improve the advantageous properties of both constituents for organic electronic applications. This hybrid (ZrS2-PENT) could potentially exhibit improved environmental stability, delocalization, molecular and structural properties, enhanced charge mobility and novel electronic properties, which are arising from the interactions between the atoms of the organic and inorganic compounds. The findings from this work will result in understanding the molecular and electronic interactions at the interface of the Pentacene (PENT) and ZrS2. 
Density Functional Theory (DFT) is the phenomenally successful approach to finding solutions to the fundamental equation that describes the quantum behavior of atoms and molecules, the Schrodinger equation, in settings of practical values serves as the powerful computational approach and tool for studying and investigating the electronic structure, molecular and electronic properties of materials at the quantum mechanical level (David et al. 2009). Quantum Espresso (QE) is a software package for electronic structure calculations and materials modeling based on density functional theory (DFT), plane waves and pseudopotentials. It is used for simulating the properties of materials at the atomic and electronic level, such as electronic structure, energy bands, phonon dispersion and more. It is commonly used in the field of computational materials science and condensed matter physics. It stand for open source package for research in electronic structure, simulation and optimization (Gianozzi et al. 2009). It is a free software released under the GNU-GPLv3 general public license. The quantum espresso (QE) distribution is written mostly in Fortran-95 with some parts written in C or in Fortran-77. The use of Fortran-95 in QE offers the possibility to present advanced programming techniques. Burai 1.3 version is a more general purpose GUI for QE that is designed for setting up and running calculations as well as analysing the results. It provides an intuitive interface for building input files, setting up parameters and monitoring calculations. Burai is written in Java and is platform independent making it accessible on a wide range of operating systems. It is suitable for investigating the quantum behavior of atoms and molecules including structure optimization, molecular dynamics and electronic structure calculations.  By applying DFT approach as contained in the Burai 1.3 version of the QE to ZrS2-PENT hybrid system, we can gain insights into the charge distributions such as hole and electron transfer, electronic band structure and potential energy surfaces. This theoretical approach (DFT) enables us to predict the materials behavior, guiding experimental efforts in the design and fabrication of durable and efficient organic electronic devices.
1.1 CHEMICAL STRUCTURE OF PENTACENE
Pentacene is an organic semiconductor belonging to the group of polycyclic aromatic hydrocarbons consisting of five linearly fused benzene rings as shown in the Figure1.The molecules of this organic semiconductor have conjugated structures with alternating single and double bonds of carbon-carbon bonds and have π-orbital delocalized along the face of the molecule. This orbital delocalization allows electrons to move within the molecule, this make organic semiconductors quietly differ from their counterpart in-organic semiconductors structurally and chemically. In-organic semiconductors, they consist of atoms that are covalently or ionically bonded and molecules are linked to each other by comparatively weak Van der Waals interactions which lead to localization of individual orbital of atoms. Therefore, the electrons are largely localized to individual molecules except electron in the π-orbital and the weak intermolecular interactions cause a narrow electronic bandwidth in molecular solids. The strong interactions between atoms in organic semiconductors leads to the delocalization of the individual orbital of atoms. the interactions between orbitals creates more energy states and forms a quasi-continuous band in which the energy difference between the individual energy levels is very small. Pentacene (PENT) has molecular formula given by C22H14 and chemical structure shown in Figure 1. (William et al. 2001).

Figure.1. Chemical Structure of Pentacene (C22H14)

2 BACKGROUND THEORY
2.1 Density Functional Theory (DFT):
DFT is a phenomenally successful approach to finding solutions to the fundamental equation that describes the quantum behavior of atoms and molecules, the Schrodinger equation, in settings of practical values (David et al. 2009). The theory was born as an idea of reducing the Schrodinger equation to one=electron problem by choosing one electron potential. The basic concept of DFT approach is that any property of a system can be described as a functional of a ground state electron density . In this approach, we can reduce our many body variable problem (wave function of N interacting electrons) into a three variable problem with the electronic density (function of position). The theorems that prove these statements are presented in the following text. DFT has emerged as a powerful computational tool for investigating the electronic properties of organic semiconductors . By providing insights into molecular geometries, electronic structures and optical spectra, DFT enables researchers to predict and tailor material properties effectively. In DFT calculations, the electron density is used as the fundamental quantity to determine the electronic structure of a system. This includes the positions of atoms, bond lengths and bond angles in molecules or crystals. By solving the DFT  equations, researchers can obtain information on the geometry of organic semiconductors, including bond lengths between  atoms and  angles between bonds.
2.2 Hohenberg and Kohn Theorems
Hohenberg-Kohn approach presented two theorems considering the electronic density  as the fundamental object. This approach could be used to determine the exact value of the ground state energy of any system of the interacting electrons in the external potential (Hohenberg et al 1964).
Theorem I : For any system of interacting particles in an external potential, the external potential is determined uniquely by the ground state particle except for a constant.
Theorem II : A universal functional for the energy in term of density can be defined that is valid for any external potential. For a particular value of the external potential, the exact ground energy of the system is the ground state global minimum value of this functional and the density that minimizes this functional is the exact ground state density.
Hohenberg-Kohn theory is just describing that if the functional defined as a function of density is known, then by minimizing the total energy of the system we could find the exact ground state density and energy. However, the functional is not known and the minimization problem is a complex mathematical problem. Kohn-Sham is giving solutions to these issues.
2.3 Kohn-Sham Theory
The Kohn-Sham approach assumed the ground state density of the many body interacting system is equal to that of some none interacting system under the action of some imaginary effective potential. In this way, the many body problem is replaced with simpler one (Kohn et al 1965).
The Kohn-Sham theory is based on the assumption that the exact ground state density can be represented by the ground state of an auxiliary system of non-interacting particles where the auxiliary one-electron Hamiltonian was chosen to have the form:
                                  	  	           (1)
where  is the effective local potential at the point r.
Thus, the density of the auxiliary system is given by:
                                                                      (2)
 and the independent particle kinetic energy is given in term of the single particle orbitals:
                                              (3)
In the KS approach, the ground state energy functional is written in the form:
   (4)
where  is the interaction of the density  with itself 
       is the external potential due to nuclei and any other external field,
       is the interaction between the nuclei.
By introducing Hohenberg-Kohn functional which include all internal energies of the interacting electronic system, kinetic and potential:
 		                                                  (5)
where  is the kinetic energy,
       is the interaction energy of electrons with density 
The functional  is universal because the kinetic energy and interaction energy of electrons are functionals only of the electronic density.
Now, the exchange-correlation energy can be written in terms of Hohenberg-Kohn functionals:
 (6)
We can view the solution of the auxiliary K-S as a minimization with respect to the density  or the effective potential   (Martin 2004).
Using Lagrange multiplier we can derive K-S Schrodinger-like equation:
                                                             (7)
where  is the effective Hamiltonian defined in equation 1 with
                                                        (8)
 is the eigen values and  is the wave function.
                                    (9)
The theory is exact so far and the problem of one equation for many body wave function has been reduced to a system of N single particle equations in a effective potential .
2.4 Exchange-Correlation Approximation
The most commonly used approximation for Exchange-Correlation are Local Density Approximation (LDA) and Generalized Gradient Approximation (GGA).
The LDA approximation is based on the idea that the in-homogeneous electronic system can be considered locally as homogeneous. Basically, the Exchange-Correlation [XC] potential at point r which depends on the value of the density at point r and on the density in the whole space. The LDA approximation depends on ly on the value of the density at point r while the variations are neglected. The Exchange-Correlation energy is written as (Martin 2004):
                                                (10)
where  is the exchange-correlation energy density of a uniform electron gas of density .
The GGA approximation is basically the extension of LDA approximation where instead of neglecting all possible variations of density it uses gradient  to modify the behavior when its variation is important. In this case the exchange-correlation energy is given as (Martin 2004):
                                                (11)
GGA functionals give better binding energies than LDA but they overestimate the bonding distances.
In general, the molecular or atomic characteristics appear as the function of electronic density from a minimization of the molecular or atomic energy. According to Hohenberg and Kohn theory, the number of electrons (N) or atomic energy (E) can be obtained using integration of  ( Parr et al. 1989), (Politzer et al. 1995).
                                                              (12)
The Euler equation is obtained 
                                     (13)
where is the chemical energy,  is the kinetic energy functional
 is the external potential,  is the exchange-correlation,
 and  are bond length and bond length at equilibrium respectively
Therefore,                                                                        (14)
According to Kohn and Sham, equation 14 can be changed into a good determination procedure by depending on orbitals in the kinetic energy.
Thus, the scientific concepts of Kohn and Sham orbitals showed for an atom (Kohn et al. 1965).
                                            (15)
where is the chemical potential , is the ionization potential, is the electron affinity and is the nuclear charge.
The HOMO and LUMO energies have been used to determined the andrespectively by Koopman`s theorem (Gersten et al. 2001).
                                                                         (16)
Other parameters describing molecular properties of organic semiconductors include chemical potential (μ), softness index (s), hardness index (η), electronegativity index (χ) and electrophilicity index (ω). Which are expressed in the following by Mulliken (Becke et al. 1993).
                                                                     (17)
Where  and 

3. COMPUTATIONAL METHODOLOGY
In order to have the most stable structure of Pentacene (C22H14) material for organic electronic application, the structure was modified by combine with Zirconium Disulfide (ZrS2). As such, the work performed optimization and determined the molecular and electronic properties among the ZrS2-PENT derivatives. The computational methodology is based on DFT and the calculations for such properties of this hybrid (ZrS2-PENT) were performed via the Generalized Gradient Approximation (GGA) and Local Spin Density Approximation (LSDA) as contained in the Burai 1.3 version of the Quantum Espresso software package. The Kohn-Sham (K-S) equation (equation 9) was solved self consistently and in an iterative way to find the K-S eigen energies  and K-S wave functions . For many body system as this hybrid, the exchange and correlation potential and Hartree potential need to be defined to enable solving Kohn-Sham equation where electron density is chosen  (Yamamoto et al. 2011). Yet, the single electron wave functions must be known to find the electron density. The number of iterations is determined by the difference between the , or between total energies that are obtained between iterations. After solving the K-S equation in DFT, several parameters describing the stability and charge delocalization in this hybrid can be calculated such as; (i) Energy levels of the electron orbitals, (ii) Total energy of the system. (iii) Electron density distribution. (iv) Eigenvalues and eigenvectors of the Hamiltonian matrix. (v) Ionization energy and electron affinity and (vi) Reactivity Indices. All the theoretical computations for geometries electronic properties of the molecules in this work were optimized by applying DFT with B3LYP/6-311G (d,p) level and performed using Burai 1.3 version of the Quantum Espresso software package[1]. The HOMO and LUMO energies were determined with the B3LYP/aug-cc-PVTZ+1 basis set. The chemical Indices: EA, IP, S, η and χ were determined via Equations (17) (Burla et al 2011), (Kartz et al. 2001), (Alexander et al. 2012).

4. RESULTS AND DISCUSSION
The work discovered that incorporation of (ZrS2), remarkably improves the stability, molecular orientation and electronic properties. Accordingly, ZrS2 compound mediate carbon-carbon interactions and carbon-hydrogen bonds, and construct supra-molecular architecture. Pentacene is an organic semiconductor known for it is high charge carrier mobility, making it  a key material in organic electronics. ZrS2 is a layered transition metal dichalcogenide with semi conducting properties notable for it is potential in electronics and optoelectronics. Incorporation of ZrS2 to pentacene (C22H14) can potentially decrease the hydrogen to hydrogen repulsive interaction due to the presence of the Zirconium sulfide moiety which will act as a spacer between the hydrogen atoms in the pentacene molecule. It may also increase the Zirconium disulfide to carbon and sulfide to hydrogen attractive interactions leading to improved stability and performance of the material for organic electronics. The optimized molecular structure of Pent-ZrS2 and calculations at B3LYP level with 6-311++G(d,p) level of basis sets is shown in Figure 2 and the geometrical parameters obtained from the optimized geometry data are presented in Table 1,2,3 and 4 respectively.

       Figure.2.a The Optimized Structure of Zirconium Disulfide-Pentacene (ZrS2-PENT)

Figure 2b optimized structure of 	(ZrS2-PENT) showing molecular orientation
						
Figure 2c optimized structure of 	(ZrS2-PENT)	showing interatomic distances.     
4.1 Optimized Bond Length (BL) of PENT. And ZrS2-PENT.
The length of a chemical bond between atoms in a molecule affect the strength of the bond and this can led to significant impact on their stability, molecular packing and electronic properties. The calculated bond lengths for Pentacene (C22H14) and ZrS2-PENT at DFT with different basis sets are summarized and presented in Table 1. The optimized bond length for ZrS2-PENT hybrid was found to be the shorter than that of PENT at B3LYP/6-311G within GGA with value 1.345 Å at position R(3,4) which are in agreement with other experimental value (1.370 Å) as presented in figure 3. as reported (Saranya et al. 2012). This value indicated that the introduction of ZrS2 led to stronger bonds that are less likely to break or undergo unwanted reactions which can lead to structural changes or degrade the performance of this material. Therefore, the shorter bond lengths contribute to the stability of this organic semiconductor for organic electronic applications.
Table 1. Optimized Bond Length
	 Atom Positions
	  Bond Length (Å) at
 B3LYP/6-311G
	  Bond Length (Å) at
  B3LYP/6-31G
	 Experimental Values [a] 

	
	ZrS2-PENT
	 PENT
	ZrS2-PENT
	  PENT
	LDA
	GGA

	  R(2,3)
	 1.387
	 1.390
	 1.398
	 1.398
	1.430
	1.430

	  R(3,4)
	 1.345
	 1.387
	 1.345
	 1.354
	1.360
	1.370

	  R(4,5)
	 1.380
	 1.410
	 1.400
	 1.411
	1.430
	1.440

	  R(5,6)
	 1.410
	 1.436
	 1.421
	 1.445
	1.440
	1.460

	  R(6,5)
	 1.399
	 1.435
	 1.460
	 1.467
	1.450
	1.460

	  R(8,9)
	 1.421
	 1.431
	 1.412
	 1.433
	1.400
	1.400

	  R(5,10)
	 1.421
	 1.422
	 1.422
	 1.440
	1,420
	1.420

	  R(9,11)
	 1,402
	 1.433
	 1.402
	 1.434
	1.400
	1.410


[a]Saranya et al. 2012

                  Figure.3 Experimental Bond length of pentacene vs Calculated Bond length of ZrS2-PENT.Linearly Fitting Curve.
4.2 Optimized Bond Angles (BA) for PENT. And ZrS2-PENT 
The Bond Angle (BA) refers to the angle between two adjacent bonds in a molecule that defines molecular geometries of an organic materials. Bond angle specified the molecular geometries that are associated with the specific orientations of bonding of atoms (Florian et al. 2017). In organic semiconductor materials, the BA can influence the stability of the material by making adjustment in the molecular packing, delocalization and intermolecular interactions, which in turn affect the Charge Transport Properties (CTP). The values of the Bond Angles (BAs) of Pentacene (PENT) and ZrS2-PENT were calculated and presented in Table 2 and are in good agreement with the experimental values as shown in Figure 4. The smaller bond angle of value 115.07270 at orientation A(4,2,6) was found in ZrS2-PENT leading to a more stable Pentacene (PENT) with a more planer molecular structure facilitating efficient Charge Transport Properties (CTP) along the conjugated backbone. The π-conjugated system was enhanced, where the alternating single and double bonds created more delocalized electron system. This value shows that doping PENT. with ZrS2 shortened the bond angle which can enhance conductivity and overall performance.
Table 2 Optimized Bond Angles
	  Atoms Orientation 
	Bond Angle (DEG) at B3LYP/6-311G(GGA)
	Bond Angle (DEG) at               B3LYP/6-31G (LDA)
	Experimental Values [b]

	
	ZrS2-PENT
	 PENT
	ZrS2-PENT
	 PENT
	LDA
	GGA

	 A(1,2,3)
	120.340
	120.421
	120.431
	120.443
	120.54
	120.54

	 A(2,3,4)
	120.342
	120.345
	120.343
	120.441
	120.54
	120.54

	 A(3,4,5)
	121.230
	121.450
	121.231
	121.454
	121.03
	121.04

	 A(1,6,5)
	117.456
	120.100
	119.000
	120.230
	118.43
	118.44

	 A(1,1,2)
	120.540
	120.561
	120.550
	120.660
	120.69
	120.69

	
	
	
	
	
	
	


[b]Saranya et al. 2012 



				Figure.4 Experimental Bond angle of pentacene vs Calculated Bond angle of ZrS2-PENT. Linearly Fitting Curve


4.3 Electronic Structure:						

Figure.5 HOMO and LUMO levels for Pent-ZrS2
The arrangement and distribution of electrons within the atoms or molecules, took into account the electronic structure of Pentacene (C22H14). The introduction of Zirconium Disulfide (ZrS2) describes how electrons of (PENT) are well organized in energy levels, orbitals and energy bands which ultimately determined how stable the structure is. As a result, this hybrid shows that the electronic structure was influenced by the interactions between electrons and the atomic nuclei, as well as the crystal lattice structure. The electrons in the atoms of this modified structure occupied a specific energy levels or orbitals which are quantized and are determined by the quantum mechanical properties of the system. The number and arrangement of the valence electrons which are the outermost electrons in the atoms of PENT that participated in chemical bonding with ZrS2 were found to be improved as a result of this hybridization (ZrS2-PENT). The electronic structure is often described in terms of energy bands which represents the allowed energy levels for electrons in the crystal lattice. The band structure of this material refers to the arrangement of energy bands and band gaps which determine the electrical conductivity for organic electronic application. The energy levels of the Highest Occupied Molecular Orbitals (HOMO) was found to be 5.58eV for ZrS2-PENT which is lower than that of parent (PENT) of value 6.25eV as presented in Table 3. The value of Lowest Unoccupied Molecular Orbitals (LUMO) was determined to be 3.78eV for ZrS2-PENT which is higher than that of bulk pentacene (PENT) of value 3.91eV as presented in Table 3. These values are in agreement with the experimental values 5.78 and 4.16eV respectively (Florian et al. 2017). The calculated values of HOMO and LUMO energy levels of this material shows that introducing ZrS2 increases the material oxidation resistance by lowering the HOMO energy levels and reducing its susceptibility to oxidation, it also increases LUMO energy level influencing the charge carrier injection and transport properties. The doping resulted in narrowing the Band Gap (BG) and Band Width (BW) that increases the conductivity of this material for designing of high performance and durability organic electronics. The bandwidth of the HOMO and LUMO levels is directly related to the stability of this organic semiconductor. A smaller HOMO-LUMO bandwidth indicates a narrower band gap, which allows for easier movements of electrons within the material, this enhances the conductivity of the material and suitable for the manufacture of organic electronic appliances. These calculations were performed using Local Spin Density Approximation (LSDA) and B3LYP exchange-correlation functional within the 6-311G and 6-31G basis set and were reported and presented in Table 3.

               

Table 3 HOMO-LUMO Energy Levels, Band Gap (BG) and Band Width (BW) 
	Molecule
	Basis Set
	-HOMO (eV)
	-LUMO (eV)
	-Band Gap(eV)
	Band Width (eV)

	ZrS2-PENT
	B3LYP/6-311G
	  5.58
	  3.76
	  1.82
	HOMO 0.66
LUMO 0.78

	
	
	
	
	
	

	
	LSDA
	  5.46
	  3.59
	  1.87
	

	Pentacene (PENT)
	B3LYP/6-311G
	  6.25
	  3.91
	  2.34
	HOMO 0.87
LUMO 0.96

	
	LSDA
	  6.24
	  4.35
	  1.89
	

	Experimental Value (Florian et al. 2017). 
	
	  5.78
	  4.16
	  1.62
	HOMO 0.7[c]

	
	
	
	
	
	LUMO 0.8[c]


[c] Parisse et al. 2007
4.4 Chemical Indices
These are also parameters that further describes the molecular and electronic properties of this hybrid (ZrS2-PENT). The value of Ionization Potential (IP) for ZrS2-PENT hybrid was found to be 6,1200eV which is greater than that of bulk pentacene (PENT) molecule, this leads to high energy for this molecule and this (IP) was gradually increasing with decrease the HOMO energy. This compound (ZrS2-PENT) with higher IP may exhibit enhanced stability and performance in device applications due to improved charge transport properties. The electron Affinity (EA) refers to the tendency of an atom to accept an electron. the calculated value of EA for ZrS2-PENT was found to be 1,402eV higher than the value found in parent pentacene molecule. The higher the EA the higher the stability is expected in organic semiconductor, as it can help in stabilizing the charge carriers within the material thereby improving the efficiency of the charge transport. The calculated value of electronegativity index (χ) for ZrS2-PENT was found to be 5.515eV which is greater than the value found in bulk PENT. The greater the χ the more stable is the compound by promoting stronger bonding between the atoms in the material thereby preventing breakdown of the semiconductor under various environmental conditions. The theoretical value of the electrophilicity index (ω) was found to be 4.3726eV higher than the value for PENT. Higher (ω) can lead to improved stability by enabling the material to react more readily with other substances in a controlled manner and this can facilitate the formation of stable interfaces in the compound. The chemical hardness and softness were also determined and were found to be 0.89 and 2.45eV respectively and are higher than that of PENT. These high values showed that this hybrid material are less prone to chemical reactions and may exhibit greater stability. These calculated results are in good agreement with the other experimental measurements and are presented in Table 4.
        Table 4 Calculated Values of IP, EA, χ, ω, S, and η For ZrS2-PENT and PENT.
	Molecules
	IP (eV)
	EA (eV)
	η (eV)
	Χ (eV)
	S (eV)
	ω (eV)

	ZrS2-PENT
	 5.58
	 3.76
	4.6045
	5.5155
	0.2998
	4.3726

	PENT.
	 6.25
	 3.91
	3.5800
	4.6810
	0.2189
	4.2760

	Expt. Value[d] 
	 5.78
	 4.16
	    _
	   _ 
	   _
	   _


[d]Florian et al. 2017 


4. Conclusion

The research studied and presented the molecular and electronic properties of Pentacene (C22H14) and Pentacene-Zirconium Disulfide (ZrS2-PENT) hybrid based on DFT. The geometrical parameters obtained from the optimized geometry at B3LYP level with 6-311++G(d,p) level of basis sets include the Bond Length (BL) and Bond Angle (BA) with values 1.345 Å and 115.0727 (degrees) respectively. The shorter BL was found in Pent-ZrS2 at position R(3,4) and smaller BA at atomic orientation A(2,3,4) which indicated improvements in the stability and delocalization. The HOMO and LUMO were computed to be 5.58eV and 3.76eV respectively for this hybrid and 6.25eV and 3.91eV respectively for the bulk pentacene. These values shows that the HOMO-LUMO gap of this hybrid is smaller than that of parent pentacene. Moreover, the values for the chemical indices: the electronegativity index (χ) and electrophilicity index (ω) for ZrS2-PENT were found to be 5.515eV and 4.3726eV respectively higher than that of Pentacene molecule. The results for the chemical hardness and softness shows that this hybrid material is less prone to chemical reactions and exhibited greater stability. These values may pave the way towards development of new materials for the manufacture of organic electronic devices.
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