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Abstract: Molecular modeling shows potential applications for calculating physical as well as chemical 

parameters of many molecular systems. Physical parameters such as  HOMO-LUMO band gap energy 

(ΔE), total dipole moment (TDM) and the molecular electrostatic potential (MESP) are reflecting the 

reactivity of the given chemical structure. So, the effect of titanium dioxide (TiO2) and silicon dioxide 

(SiO2) upon Polyvinyl chloride PVC is studied in terms of physical properties. Such parameters were 

calculated with  density functional theory: B3LYP using LANL2DZ basis set. Model molecules for 

PVA, TiO2, SiO2, PVA/TiO2, PVA/SiO2 and PVA/TiO2/SiO2 were optimized then  ΔE, TDM and MESP 

were calculated at B3LYP/LANL2DZ. The results indicated that the reactivity of PVA is improved as 

a result of interaction with TiO2 and SiO2.  
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1. Introduction 

Material science is classified as an interdisciplinary field having common interest to 

wide range of researchers not limited to physicists, chemists, and engineers. Studying basic 

principles of materials has been one of the most challenging attempts of science and 

technology. Electronic properties of materials are now playing a crucial role in clarifying the 

functionality of materials. These properties are ranging from microscopic such as band 

structure to macroscopic resistivity, conductivity, mass effectivity, permittivity. According to 

physical as well as chemical properties importance, as it became necessary for characterization 

and classification of materials [1-5]. 

Investigating the electronic properties could be achieved with many routes including 

both experimental and theoretical. Accordingly, molecular modeling at different levels shows 

potential applications for investigating electronic properties for wide range of materials and in 

different fields of applications [6-12]. Modeling could provide important data for many systems 

whereas the experimental setup is limited and/or unavailable. Polyvinyl chloride PVC is one 

of the cheapest and easiest handled synthetic polymers [13-15]. It is widely applied in many 

applications despite its amorphous nature [16]. It could be reshaped, blended with other metal 

oxides in order to enrich their properties and increase its functionality for many applications 
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[17-20]. This leads to the fact that PVC as well as its derivatives are among the most common 

polymers worldwide [21]. Meanwhile, it could be recycled and reprocessed which gives it 

commercial values [22]. Nowadays, it is common to apply PVC derivatives as nanocomposite 

for modern applications including gas sensors [23-24]. The effect of metal oxides on the PVC 

nanocomposite was followed up with molecular modeling to study geometrical as well as 

different physical properties [25]. As the topic still of concern this work is conducted. DFT at 

B3LYP/ LANL2DZ level was used to evaluate the electronic properties of PVA, PVA/TiO2 

and PVA/ SiO2 in terms of the physical parameters  ΔE, TDM and MESP.  

2. Materials and Methods 

 All calculations were carried out with Gaussian 09 program [26] at Spectroscopy 

Deparment, National Research Centre. Each structure is optimized with DFT at B3LYP [27-

29] together with the basis set LANL2DZ.  HOMO-LUMO energy, TDM and MESP were 

calculated at the same level of theory. 

3. Results and Discussion 

The reactivity of a given structure was previously reported as a function of some 

physical parameters such as HOMO-LUMO energy, total dipole moment and the molecular 

electrostatic potential [30-33]. So, these parameters will be calculated at B3LYP/ LANL2DZ.  

 
  (a)             (b)        (c) 

Figure 1. Optimized structure of a) 4PVA; b) TiO2 and c) SiO2. 

 
Figure 2. Optimized structure of a) 4PVA-TiO2 P1; b) 4PVA-TiO2 P2; c) 4PVA- TiO2 P3 and d) 4PVA-TiO2 

P4. 

It is supposed that the interaction between emeraldine base four units of PVA(4PVA) 

and 4PVA with TiO2 and SiO2 takes place through active sites of 4PVA with different 

positions. The four different positions are the 4 OH group of 4PVA attached to oxygen atom 

number: 23; 25; 27 and 29. For each interaction site position, only one probability for the 

interaction of both TiO2 and SiO2 with 4PVA is supposed. Which is, 4PVA-O-X-O where X 

refers to the titanium and silicon atom. The interaction is supposed to be Van der Waal 
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interaction. The optimized structures of 4PVA, TiO2 and SiO2 are carried out at LANL2DZ 

level of DFT for more accurate predictions. The optimized structures are shown in figure 1. 

However, the supposed structures of 4PVA- O23 TiO2 (4PVA- TiO2 P1), 4PVA- O25 

TiO2 (4PVA- TiO2 P2), 4PVA- O27 TiO2 (4PVA- TiO2 P3) and 4PVA- O29 TiO2 (4PVA- TiO2 

P4) are presented in figure 2. 

For all structures, the electronic energy gap (HOMO-LUMO), total dipole moment 

(TDM) and the molecular electrostatic potential are calculated to predict the reactivity of 4PVA 

as a result of the interaction with TiO2 and SiO2 separately. 

Table 1. B3LYP/LANL2DZ calculated HOMO-LUMO band gap (ΔE) as eV and TDM as Debye for 4PVA, 

TiO2 and 4PVA/TiO2 nanocomposite at the different interaction sites positions. 
Structure ΔE TDM 

TiO2 1.9432 0.0000 

4PVA  8.1463 3.1058 

4PVA-TiO2 P1 1.5508 5.2374 

4PVA-TiO2 P2 1.4566 10.6716 

4PVA-TiO2 P3 0.7891 5.2085 

4PVA-TiO2 P4 0.5685 6.7226 

 

Table 1 presents the changes occurred in the HOMO-LUMO energy (ΔE) and TDM of 

4PVA and TiO2 upon interaction. Where, it is found that 4PVA and TiO2 possess HOMO-

LUMO energy of 8.1463 and 1.9432eV and TDM of 3.1058 and 0.0000 Debye respectively. 

However, due to the interaction in the four different positions, the values of both physical 

quantities suffer from a strong change. Where, the HOMO-LUMO energy decreased sharply 

and becomes 1.5508, 1.4566, 0.7891 and 0.5685 eV for the interaction of TiO2 with 4PVA 

throughout the hydrogen atom linked to oxygen atom number 23, 25, 27 and 29 respectively. 

Such a strong decrease in the HOMO-LUMO energy value of 4PVA refers that it becomes 

more reactive as a result of interaction with TiO2. Meanwhile, for the same interaction 

positions, TDM of PVA increased approximately to twice its value for 4PVA and becomes 

5.2374, 10.6716, 5.2085 and 6.7226 Debye instead of 3.1058 Debye. Also, the increase in TDM 

values of 4PVA upon interaction is considered as a strong indicator for the enhancement of the 

reactivity of 4PVA. 

On the other hand, for the interaction of 4PVA with SiO2, HOMO-LUMO energy is 

also calculated and figure 3 presents the optimized structures for 4PVA- O23 SiO2, 4PVA- O25 

SiO2, 4PVA- O27 SiO2 and 4PVA- O29 SiO2. 

 
Figure 3. Optimized structure of a) 4PVA- SiO2 P1; b) 4PVA-SiO2 P2; c) 4PVA- SiO2 P3 and d) 4PVA- SiO2 

P4. 
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Table 2. B3LYP/ LANL2DZ calculated HOMO-LUMO band gap energy (ΔE) as eV and TDM as Debye for 

SiO2 and 4PVA/SiO2 nanocomposite at the different interaction sites positions. 
Structure ΔE TDM 

SiO2 5.0940 0.0000 

4PVA  8.1463 3.1058 

4PVA-SiO2 P1 1.7293 5.0978 

4PVA-SiO2
 P2 3.9941 9.0411 

4PVA-SiO2 P3 1.0977 4.4549 

4PVA-SiO2 P4 1.0721 6.3546 

 

The calculated values of HOMO-LUMO energy (ΔE) is presented in table 2. Where, 

the band gap energy of 4PVA decreased to 1.7293, 3.9941, 1.0977 and 1.0721for 4PVA- SiO2 

P1, 4PVA-SiO2 P2, 4PVA-SiO2 P3 and 4PVA-SiO2 P4 respectively instead of 8.1463 and 

5.0940eV for 4PVA and SiO2 respectively.  

 
(a) 

 
(b)                                         (c) 

Figure 4. MESP calculated at B3LYP/LANL2DZ as contour for: a) 4PVA; b) TiO2 and c) SiO2. 

 
Figure 5. MESP calculated at B3LYP/LANL2DZ as contour for: a) 4PVA- TiO2 P1; b) 4PVA-TiO2 P2; c) 

4PVA-TiO2 P3 and d) 4PVA-TiO2 P4. 

The sharp decrease that occurred in the HOMO-LUMO energy gap of 4PVA and SiO2 

reflects the excellent performance of polymer nanocomposite material in energy storage 

devices and sensing devices. This behavior of HOMO-LUMO band gap for the nanocomposite 

material based on 4PVA/ SiO2 agree very well with the calculated values of TDM. Where, 

TDM of 4PVA and SiO2 increased upon interaction from 3.1058 and 0.0000 Debye 

respectively to 5.0978, 9.0411, 4.4549 and 6.3546 for the interaction of SiO2 with 4PVA via 
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the O23, O25, O27 and O29 of 4PVA. The obtained results of HOMO-LUMO band gap and TDM 

for the structures representing 4PVA/TiO2 and 4PVA/SiO2 reflect the enhancement of the 

reactivity of 4PVA and hence it's electronic properties.  

Furthermore, molecular electrostatic potential (MESP) is also mapped for all structures 

at B3LYP/LANL2DZ of DFT. The importance of MESP in describing the electronic behavior 

of polymeric materials comes from the ability of MESP to describe the distribution of 

electronic charges within the studied molecules. Studying the MESP helps in understanding 

the electronic configuration and the knowledge of the active sites present within the studied 

structures. Where MESP can be described by following a color map that started from red color 

to blue color. The red color refers to the regions very rich with electrons (active sites) while 

the blue one refers to that who absence of electrons (i.e. inactive sites for interaction). MESP 

can be mapped as contour, surface and as total density (i.e. 3-dimensional picture).  

 

 
Figure 6. MESP calculated at B3LYP/LANL2DZ as contour for: a) 4PVA-SiO2 P1; b) 4PVA-SiO2 P2; c) 

4PVA- SiO2 P3 and d) 4PVA- SiO2 P4. 

 
Figure 7. Optimized structure for: a) 4PVA/2TiO2; b) 4PVA/2SiO2, c) 4PVA/2TiO2 /1SiO2 and d) 4PVA/2TiO2 

/2SiO2. 
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Figures 4, 5 and 6 show the calculated MESP as contour for the two nanocomposite 

systems which are 4PVA/TiO2 and 4PVA/SiO2. The figures indicate that the reactivity of 

4PVA increased due to the interaction with TiO2 and SiO2 as the electro-negativity increased 

within the structure. Where, as presented in figure 4, that the intensity of the yellow color 

around the TiO2 and SiO2 structures decreased strongly upon interaction with 4PVA. This 

yellow region refers to the neutral sites within the studied models. This can be understood by 

looking at the figures, where the red color intensity increased within the 4PVA structure due 

to the interaction. 

 
Figure 8. MESP calculated at B3LYP/LANL2DZ as contour for: a) 4PVA/2TiO2; b) 4PVA/2SiO2, c) 

4PVA/2TiO2 /1SiO2 and d) 4PVA/2TiO2 /2SiO2. 

 

Table 3. B3LYP/ LANL2DZ calculated HOMO-LUMO band gap as eV and TDM as Debye for 4PVA, with 

2TiO2, 4PVA, with 2SiO2, 4PVA, with 2TiO2-1SiO2 and 4PVA, with 2TiO2-2SiO2 nanocomposite at the 

different interaction sites positions. 
Structure ΔE TDM 

4PVA-2TiO2 0.5349 5.2086 

4PVA-2SiO2 0.7363 4.9149 

4PVA-2TiO2-1SiO2 0.5605 7.3735 

4PVA-2TiO2 -2SiO2 0.6351 12.2711 

 

According to the previous results of HOMO-LUMO energy, TDM and MESP for PVA/ 

TiO2 and PVA/SiO2 structures, the level of calculations can be increased. Where, as the 

interaction proceeds through position 3 and 4 has the lowest electronic energy gap and they are 

nearly close, then another class of calculations can be performed by increasing TiO2 and SiO2 

content to 2 units as presented in figure 7-a and 7-b. Table 3 presents the calculated values of 

HOMO-LUMO energy and TDM. Where, HOMO-LUMO energy gap decreased to 0.535 and 

0.7363 eV for 4PVA/2TiO2 and 4PVA/2SiO2 respectively. Meanwhile, TDM does not change 

significantly where it becomes 5.2086 and 4.9149 Debye for 4PVA/2TiO2 and 4PVA/2SiO2 

respectively.  The decreased values of HOMO-LUMO energy gap confirmed the ability of 

4PVA/2TiO2 and 4PVA/2SiO2 structures to interact with other nanostructures. Also, it is 
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noticed from the results that the band gap energy of 4PVA/2TiO2 is lower than that of 

4PVA/2SiO2. Which confirmed that the surface of 4PVA/TiO2 is more reactive. So, the 

addition of other species of nanoparticles is also possible. Where we started another class of 

model molecule based on 4PVA/2TiO2/ 1 SiO2 and 4PVA/2TiO2/ 2 SiO2 which are presented 

in figure 7-c and figure 7-d respectively. Table 3 also presents the effect of adding one and two 

units of SiO2 on the properties of 4PVA/2TiO2. Where the band gap energy and TDM changes 

to 0.5605 and 0.6351 eV and to 7.3745 and 12.2711 Debye for 4PVA/2TiO2/1SiO2 and 

4PVA/2TiO2/2SiO2 respectively. All these changes in the electronic parameters indicate that 

there are changes in the distribution of electrons within the studied models. This can be 

confirmed by the study of MESP for all of them. Figure 8 presents the MESP mapped as 

contour for 4PVA/2TiO2, 4PVA/2SiO2, 4PVA/2TiO2/1SiO2 and 4PVA/2TiO2/2SiO2. The 

behavior presents in the figure confirmed that there are fluctuations in the reactivity of the 

studied structures. Where the intensity of the red color increased for 4PVA/2TiO2 and 

4PVA/2SiO2. Based on the above results one can conclude that molecular modeling with 

different levels could be an effective tool for elucidating reactivity and interactions for many 

systems and molecules in many areas of applications. This is in good agreement with the 

previous findings [34-40]. 

 

4. Conclusions 

 Molecular modeling at B3LYP/LANL2DZ is performed to study the mechanism of 

interaction of PVA with TiO2 and SiO2. Only one interaction probability is proposed between 

4PVA and the nanostructures of TiO2 and SiO2 at the different interaction positions. Where the 

interaction processed through the OH of 4PVA is the most probable to take place. Physical 

properties such as HOMO-LUMO energy gap, TDM and MESP are calculated at 

B3LYP/LANL2DZ. Based on the calculated physical parameters, it is concluded that the 

4PVA/TiO2 and 4PVA/SiO2 and 4PVA-2TiO2-2SiO2 polymer nanocomposite materials can be 

used in developing new materials for sensing devices as the structures seem to be highly 

reactive. Furthermore, it is concluded that ab-initio methods based on B3LYP/LANL2DZ 

could be used to follow up the changes occur in the electronic properties, the distribution of 

charges and the reactivity of  polymeric materials. 
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