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The current study was assigned to implement visualization for an innovative 
synthesis of magnesium oxide (MgO) and iron oxide (Fe2O3) as additives 
to the matrix polymer of polyvinyl alcohol (PVA). The nanostructures’s 
investigation was based on methodological searching to improve their 
structural characteristics. The feedback revealed that the photoelectric 
features of the nanocomposite were boosted due to the incorporation of 
Fe2O3 and MgO nanostructures in the PVA. This occurred by reducing 
the bandgap of PMA matrix polymer from 4.215 to 2.914 eV by adding 
both Fe2O3 and MgO nanoparticles, along with other promising electronics 
parameters enhancement. The study presents compelling evidence that the 
PVA/Fe2O3/MgO nanostructure exhibits outstanding electronic properties. 
This finding underscores its considerable potential for applications in the 
fields of nanoelectronics and photonics.

INTRODUCTION 
The composite containing a matrix polymer 

with nanoparticle additives is called polymer 
nanocomposite materials (PNCMs). The added 
nanoparticles are non-organic and are evenly 
dispersed throughout the matrix polymer. 
This description grants material an attractive 
interest for scientists as effective tools to evolve 
numerous instruments for diverse applications. 
The hybrid attributes of the PNCMs grant a wide 

spectrum of usages, which serve human life 
requirements. The additives back up the fields of 
energy, electronics, optics, and sensors. The role 
of PNCMs appears to be due to the considerable 
enhancement of pyro-physical characteristics 
attributed to the presence of nanoparticles [1]. 
The synthetic PVA consists of linear carbon chains 
with functional groups of hydroxyl, resulting in a 
semi-crystalline structure. Polymers according 
to this chemical description are water-soluble, 
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accessible, thermally stable, and have excellent 
film-forming properties [2]. Magnesium oxide 
(MgO)’s features such as considerable hardness, 
elevated purity, non-odorous, non-toxicity, and 
high thermal stability ensure that it is an effective 
component of PNCMs [3]. The significance of 
MgO as a promising candidate is attributed to 
its reduced thermal conductivity. Furthermore, 
several potential applications of MgO are 
based on its optical, chemical, and thermal 
properties [4, 5]. Iron oxide (Fe2O3) behaves as a 
semiconductor material with a low band gap of 
2.2 eV and promotes thermodynamic equilibrium. 
In addition to the presented properties, they 
introduce it as a compelling nominee for various 
optical applications [5, 6]. The Fe2O3 manifests 
non-toxicity, a reduced impurity abundance, 
and a prominent natural multitude [7, 8]. The 
integration of metal oxides into polymers is a key 
area of interest for researchers aiming to enhance 
the material’s electronic, electrical, and optical 
characteristics [9-11]. Within the framework of 
seeking an innovative nanostructure consisting 
of metal oxides and polymers, the current work 
concentrates on designing the nanocomposite 
PVA/Fe2O3/MgO as a novel resolution to fulfill the 
requirements of the industrial problems.

QUANTUM COMPUTATIONAL METHODS 
To identify the targeted molecular electronic 

and vibrational characteristics, the quantum 
computations were achieved through the 
Gaussian 09W software package. The execution 
was on the platform of an Intel Core i9 processor, 
the graphic card of an AMD Radeon Pro 5500M, 
and the RAM of 32 GB [12-14]. The computations 
of the molecular characteristics were optimized by 
modifying the molecular structure as a first step 
before invoking the framework of time-dependent 
density functional theory (TD-DFT) through B3LYP 
hybrid functional [15, 16]. Becke and Lee et al. 
proposed a functional that combines Becke’s 
three-parameter functional with a Hartree-Fock 
exchange contribution, while also include nonlocal 
corrections for both the exchange potential 
and correlation energy. The B3LYP method is 
preferred for its accuracy and computational 
efficiency compared to ab initio methods [17, 
18]. A comprehensive set of property calculations 
was carried out using the 6-31G (d,p) basis set. 
The calculated properties include total energy, 
frontier molecular orbital energies (HOMO and 

LUMO), ionization energy, band gap, electron 
affinity, electronegativity, chemical hardness, 
chemical softness, electrophilicity, dipole 
moment, harmonic vibration frequency, and 
optimized geometry [19, 20]. According to this 
approach of calculating the electron correlation 
assessment, the term of exchange-correlation 
(EKC) within the TD-DFT method was employed, 
which encompasses the contributions of the 
exchange energy and the dynamic correlation [21, 
22]. The considered molecules are depicted in Fig. 
1. Within the TD-DFT framework, the electronic 
energy can be dissected into distinct components, 
as articulated in Eq. 1:

𝐸𝐸 = 𝐸𝐸𝑇𝑇 + 𝐸𝐸𝑉𝑉 + 𝐸𝐸𝐽𝐽 + 𝐸𝐸K𝐶𝐶      

  

                                           (1)

In this context, ET denotes the electronic 
kinetic energy, EV signifies the energy arising 
from electron-nuclear attraction, EJ represents 
the energy originating from electron-electron 
repulsion, and EKC corresponds to the exchange-
correlation term, which serves to account for 
electron correlation effects within the TD-DFT 
framework. The ionization potential (IP) serves 
as a quantification of the energy requisite for the 
removal of one or more electrons from a neutral 
molecule, leading to the formation of a positively 
charged ion. Eq. 2 articulates the ionization 
potential as the energy disparity between the 
energy of the cationic state and the energy of the 
neutral molecule.

𝐼𝐼𝐼𝐼 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸i𝑜𝑜𝑜𝑜–𝐸𝐸𝐸𝐸                 

  

                                                      (2)
 
On the other hand, electron affinity (EA) 

measures the tendency of a neutral molecule to 
resist the loss of electrons. Eq. 3 calculates the 
electron affinity as the energy difference between 
the neutral molecule and the corresponding 
anionic state.

𝐸𝐸𝐸𝐸 = 𝐸𝐸𝐸𝐸 – 𝐸𝐸𝐸𝐸𝐸𝐸i𝑜𝑜𝑜𝑜            

  

                                                        (3)

Within the context of TDDFT, two important 
global quantities are the chemical potential (µ 
and electronegativity (ꭙ) (Eq. 4). The ground-state 
electronic energy ((N)) of a system, which depends 
on the number of electrons (N), is used to define 
these quantities. The derivative of (N) with respect 
to N at a constant external potential (r) gives the 
chemical potential or the negative of the absolute 
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electronegativity [23-25].

μ ≈ (∂z
∂N)

v(r⃗ )
≈ −χ                                                                                                                         

  

                                                     
(4)

Chemical hardness, defined within TDDFT, is the 
second derivative of the electronic energy with 
respect to the number of electrons N at a constant 
external potential (r) [26-28]. It quantifies the 
resistance of the chemical potential to changes in 
the number of electrons (Eq. 5).

η = 1
2 (∂2E

∂N2)
v(r⃗ )

= 1
2 (∂μ

∂N)
v(r⃗ )

                                                                                                                         

  

                                   
(5)

Engaging in calculating the electronic 
characteristics entails employing one out of two 
methods. The first is the energy-vertical method, 
which includes the application of the finite 
difference approximations on the discrepancies of 
the total electronic energies due to the addition or 
removal of electrons from the neutral molecule. 
The second method is the orbital-vertical method 
that deals with the (HOMO) and (LUMO) energy 
levels of the neutral molecule, Koopmann theorem 
[18]. Through finite difference approximations, 
the expressions for the determination of 
electronegativity (ꭙ) and chemical hardness (ŋ) 
can be formulated as [29, 30]:

𝜒𝜒 = (𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐸𝐸)/2                                                                                                                         

  

                                                           (6)

𝜂𝜂 = (𝐼𝐼𝐼𝐼 − 𝐸𝐸𝐸𝐸)/2                                                                                                                            

  

                                                         (7)

Alternatively, using Koopman’s theorem, these 
equations can be rewritten as:

𝜒𝜒 = (𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 + 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)/2                                                                                                               

  

                                              (8)

𝜂𝜂 = (𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 − 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)/2                                                                                                                

  

                                             (9)

The chemical softness quantity appears as the 
feature of the chemical reactivity degree, which 
is opposite to the chemical hardness property. 
The higher the value of the chemical softness, the 
lower the value of the chemical hardness. This 
evidences the alteration absence of energy, which 
links to the disproportionation reaction [31, 32].

S = 1
2η (∂2N

∂E2)v(r⃗ )
= 1

2 (∂N
∂μ)v(r⃗ )

                                                                                                       

  

                                     (10)

The measurement of a chemical species’s 
reduced energy is referred to as electrophilicity 
(ⱳ), which indicates the maximum flow of 
electrons between a donor and an acceptor. It is 
defined as [21, 22]:

𝜔𝜔 = 𝜇𝜇2/2𝜂𝜂                                                                                                                                  

 

                                                                  (11)

RESULTS AND DISCUSSION
The research sought to ameliorate the structure 

of the polymer matrix (PVA) through the inclusion 
of the nanoparticles of (Fe2O3/MgO) for reaching 
the optimum electronic features of the produced 
nanocomposite (PVA/Fe2O3/MgO). The findings 
were obtained from the processing of the software 
of the Gaussian 09 programs and simultaneously, 
the method of the Time-Dependent Density 
Functional Theory (TDDFT). The results are shown 
in Figs. 1 and 2, which depict the most favorable 
arrangement of the geometrical positions of 
molecules [33]. The outcomes supported the 
accuracy of the work by providing insights into the 
nanostructure’s electronic properties. Additionally, 
the mentioned methods contributed effectively 
to identify the molecular structure. Furthermore, 
they connect the experimental results with the 
optimized theoretical calculation.

Figs. 1, and 2 show the considered material 
chemical groups. The deduced bond of (C-C) of 
1.52  Å evidences the presence of the double 
bonds. Additionally, a carbonyl group of 1.422 
Å is found as well. While the length of 1.431 
Å indicates the bond of carbon-oxygen (C-O) 
bond. This description aligns with the ideal bond 
lengths encountered in the aromatic rings [34, 
35]. Additionally, the length of the C-H bond was 
1.091 Å throughout the study, despite potential 
influences such as electrostatic interactions 
and hydrogen bonding with molecular forces. 
Furthermore, during chemical reactions, transient 
deviations from equilibrium bond lengths can 
arise due to transitional states, reaction pathways, 
activation energies, and intermediate states [36, 
37].

Regarding the complexes, the length of the 
bonds, Fe-O, and Mg-O, were 1.92 Å and 2.013 Å, 
respectively. The bond length corresponds to the 
noted standard values in the symmetric systems. 
That refers to the reactions producing the Fe2O3, 
and MgO enclosed by the structures of the 
composite.

The interaction between Fe2O3/MgO and PVA 
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is mutually effective. This results in Fe2O3/MgO 
being integrated into the nanocomposite, creating 
a favorable environment for nanoparticles-PVA 
interaction. These metal oxides may assume the 
role of catalysts or initiators, thereby facilitating 
chemical transformations within the polymer 
matrix. This synergy opens up prospects for shared 
applications or the development of composite 
compositions that can capitalize on the synergistic 
interactions between these materials [38, 39]. It 
becomes evident that post-relaxation occurs as 
a substantial transformation in the conformation 
of the PVA chain. This structural modification 
implies that PVA and the Fe2O3/MgO compound, 
presumably constituting another composite, 

participate in intermolecular interactions, such 
as van der Waals forces, hydrogen bonds, or 
stacking interaction. These interactions promote 
the alignment and aggregation of the polymer 
chains with the composite, ultimately leading to 
the formation of novel structures or phases within 
the composite material [40].

Table 1 provides an extensive compilation of 
findings emanating from ground state calculations 
applied to the polymeric composites within this 
study, with a specific emphasis on ascertaining 
configurations that minimize energy. This 
comprehensive analysis encompasses several 
critical parameters, as a Total Energy (ET, in 
atomic units, a.u.). This parameter offers a holistic 

 

  

 

  
Fig. 2. Structure of PVA/Fe2O3/MgO nanostructures.

Fig. 1. Structure of PVA (a) before relaxing and (b) after relaxing.
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measure of the system’s energy, facilitating 
comparisons across various configurations of the 
polymeric composites. Ionization Potential (IP) 
and Electron Affinity (EA): These parameters, 
determined through Koopman’s theorem and 
expressed in electron volts (eV), offer insights into 
the composite’s electronic characteristics. Also, 
Electronegativity (ꭙ) and Chemical Potential (µ, 
in eV) exhibit an inverse relationship, where an 
enhancement in electronegativity corresponds 
to a reduction in chemical potential. Chemical 
hardness (η), chemical softness (S), electrophilicity 
(ω), and energy gap (Eg) were calculated. The 
contrast between the levels of (HOMO) and 
(LUMO) represents the conductivity measure 
of the material. The potential for electronic 
applications, electrostatic potential (ESP) surfaces, 
and 3-D electron density (TD) relies on the physical 
quantity of conductivity.

The computations revealed the dielectric 
properties of the Fe2O3/MgO nanoparticles 
into the PVA matrix. The interaction among the 
components of the nanocomponent enhances 
the total energy (ET) in the system. The synergistic 
impact of the electrostatic interaction and 
chemical bonding boosts the nanostructure’s total 
energy. The incorporation of the nanoparticles 
into the polymer matrix requires breaking the 
original bonds of the polymer and creating novel 
bonds among nanoparticles and the surrounding 
polymer matrix [11, 18, 41]. Incorporating the 
Fe2O3/MgO within the polymer matrix elevates 
the mechanical properties, involving the tensile 
strength and elasticity modulus. Developing 
mechanical properties qualifies material for vast 
applications of high mechanical quality such as 
aerospace constructures, automotive parts, and 
sports appliances. Additionally, Fe2O3 unveils 
magnetic features for the nanocomposite, yielding 
appropriate matter for applying magnetic sensors, 
electromagnetic shielding, and data loading 
apparatuses [9, 42, 43]. Regarding the data in 
Table 1, the PVA/Fe2O3/MgO nanocomposite’s 
values of ionization potential (IP) and electron 
affinity (EA) are superior to those of the PVA 
matrix. The heightened IP refers to the tendency 

to retain the electron while raising the EA 
represents a sign of the attractive potential for 
more additional electrons. Variations in the 
chemical composition, bonding characteristics, 
and structure of composites lead to differences in 
their electronic features. The presence of foreign 
nanoparticles (Fe2O3 and MgO) creates exceptional 
groups with electron-accepting or donating 
abilities. Consequently, this reconfigures the 
entire electronic composite’s conduct. Moreover, 
the chemical alterations of the ambient like the 
metallic ions transition or the configurations of 
distinguishable bonding can impact IP and EA 
values. These extra elements are known for their 
general effective change in electronic behavior 
[19, 44, 45]. The chemical potential (µ) and 
electronegativity (ꭙ) are correlated and inversely 
proportional. As the value of electronegativity (ꭙ) 
increases, the ability of an atom to attract electrons 
becomes stronger. Therefore, all thermodynamic 
properties of the atoms in a system, as well as 
their electronic behavior, are influenced by the 
differences in their electronegativity (ꭙ). The 
findings indicate that the addition of Fe2O3/MgO 
to the nanocomposite enhances the chemical 
softness (S) and electrophilicity (ω) values of 
PVA/Fe2O3/MgO, while reduce the chemical 
hardness (η). The addition of nanoparticles 
modifies the structure of the polymer matrix, 
reshaping the energy levels and the distribution 
of electronic states. The alterations activate a 
chemical reaction in the material by using Fe2O3/
MgO as sources of electron donors or acceptors. 
This influences the electronic characteristics 
and facilitates electron processes. All changes 
in electronic properties, which include softness, 
electrophilicity, and chemical hardness, enhance 
the material’s mechanical properties, such as 
ductility, processability, flexibility, and overall 
stability [20, 46-48]. The Fe2O3/MgO decline the 
band gap (Eg) of the matrix polymer, or in other 
words, reduce the difference of energy between 
the LUMO and HOMO levels. The alteration of 
the electronic configuration stems from several 
mechanisms, including the chemical bonds, 
electrostatic interactions, and the intermolecular 

 

𝜔𝜔 𝑆𝑆 𝜂𝜂 𝜇𝜇 𝜒𝜒 EA IP Eg LUMO HOMO ET Sample 

6.241 0.237 2.108 -5.12 5.129 3.021 7.237 4.215 -3.0214 -7.2365 -8421.325 PVA 

12.723 0.343 1.457 -6.08 6.089 4.632 7.546 2.914 -4.6321 -7.5463 -5876.985 PVA/Fe2O3/MgO 

Table 1. The role of TD-DFT B3LYP/6-31(d,p) in revealing the electronic features of polymeric composites.
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binding force between the Fe2O3/MgO and PVA. 
Novel electronic states accompany the modified 
electronic structure of the nanocomposite. The 
formed covalent or ionic bond due to the added 

Fe2O3/MgO affected the latter [4, 49, 50]
The latter adds new energy levels to the 

polymer electronic construction. Furthermore, 
the nanoparticles influence the distribution of 

 

  

 

  
Fig. 4. The PVA/Fe2O3/MgO nanostructures, the shapes of HOMO 

and LUMO levels.

Fig. 3. The PVA polymer, the shapes of the HOMO and LUMO levels.
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electron density and polarization within the 
nanocomposite by altering the electric field 
and the surroundings of the polymer chains, 
which gives rise to new energy states within the 
electronic band structure [35, 51].

The energy levels of the PVA/Fe2O3/MgO 
nanostructures are illustrated in Figs. 3 and 4. 
These Figures show a more stable distribution of 
electrons compared to that of pure PVA polymer. 
This behavior can be attributed to the electron-
withdrawing properties of the Fe2O3 and MgO 
nanoparticles. The superiority of transition metal 
oxides’s electron affinity compared to that of 
PVA indicates a strong attraction for electrons. 

This phenomenon leads to a redistribution of 
the electron density within the system. The 
redistribution of electrons enhances the stability 
of the electronic system by reducing disordered 
localized charges and the regions of concentrated 
electrons within the polymer [6, 52, 53]. System 
instability within a material arises from the 
surrounding spatial charge imbalances, which 
leads to effective electrostatic repulsion. Electron 
redistribution that achieves charge balance 
results in localized charge accumulation reaching 
a mitigated state. Promoting a more uniform 
distribution minimizes the repulsive forces, 
thereby enhancing electronic stability [12, 54, 55].

 

  

 

  
Fig. 6. The ESP surfaces spreading over PVA/Fe2O3/MgO nanostructure.

Fig. 5. The illustration of the ESP surfaces of PVA.
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The electrostatic potential (ESP) surfaces for 
both PVA and the PVA/Fe2O3/MgO composite are 
illustrated in Figs. 5 and 6, respectively. The two 
systems are clearly distinguished by their different 
colors. The presence of the nanoparticles, Fe2O3 
and MgO, alters the ESP topography, especially 
in their immediate vicinity, due to their unique 
surface chemistries compared to the PVA matrix. 
This results in noticeable differences in the ESP 
distribution configurations, particularly in areas 

of higher potential, across the surfaces of both 
systems [24, 56]. The ESP distribution is one 
of the most effective alterations, which occurs 
by adding the Fe2O3/MgO in the PVA matrix. 
This transformation appears as distinguished 
chromatic disparity and attractive surface of 
nanocomposite for the negative charges [5, 57]. 
The influence described here depends on the 
type of charge carried by the nanoparticle. For 
example, the negative charge of Fe2O3 attracts 

 

  

 

Fig. 7. Clarification of the stereo-nanostructure electron density surfaces of the PVA matrix.

Fig. 8. Clarification of the stereo-nanostructure electron density surfaces of PVA/Fe2O3/MgO nanostructures.
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positive charges from the surrounding area, 
resulting in a redistribution of electrical potential. 
The interaction between the added nanoparticles 
and the polymer chains results in the formation 
of induced dipoles. This dipole formation occurs 
between the nanoparticles and the polymer 
chains, leading to a complex rearrangement of 
charges and modifications to the local electrostatic 
potentials. The polarization concentration is 
located at the interface between the polymer and 
particles of metal oxides [58].

The Fe2O3 and MgO influenced the electron 
density distribution for their differences in 
shape, size, and electron densities. The three-
dimensional electron density (TD) is revealed 
obviously in Figs. 7 and 8, for the polymer matrix 
and nanocomposite, respectively. The high density 
of the Fe2O3 and MgO enhanced the electron 
density in the PVA/Fe2O3/MgO nanostructure. 
The closeness of the Fe2O3 and MgO to each other 
exaggerates this effect [34]. The Fe2O3 and MgO can 
be considered a polarization catalyst that impacts 
its surroundings by transferring the charge. The 
interaction between the nanoparticles and the 
PVA matrix increases the electron density at the 
interface, thus redistributing the electrons. This 
unique behavior produces a novel nanocomposite 
[13, 55, 59].

CONCLUSION
This research demonstrated a design of PVA/

Fe2O3/MgO nanostructures that is suitable for 
electronic and photonic applications. The findings 
played a successful role in the modification of the 
PVA molecular structure, such that decreased 
the band gap of PVA from 4.215 to 2.914 eV. 
The findings highlight the exceptional electronic 
properties of PVA/Fe2O3/MgO. These enhanced 
features position the nanostructure for a wider 
range of applications.
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