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Abstract

Using ab initio DFT (Density Functional Theory) investigation, an attempt was made to gain insight into some
physical properties ofpolyethylene terephthalate (PET) including polymerization (repeating monomer units) and
cis-trans isomerization at 298 K. DFT calculations were performed at Becke's three parameter functional and
Lee-Yang-—Parr functional (B3LYP) level of calculation with 6-31+G(d,p) basis set. Geometry optimization of a
series of conformations was employed to greatly increase the global energy minimum for each molecule.
Molecular structure calculations yielded several thermochemical parameters,including the magnitude and
direction of the dipole moment, electron densities, total electronic energy at 0 K, enthalpy, Gibbs free energy at
298 K of the investigated polymer, and its conformers. Both the highest occupied and lowest unoccupied

molecular orbitals (HOMO and LUMO) energy gaps were also represented.
Keywords: Isomerizations; PET; Polymeization; DFT; Conformers.

1. Introduction

Polyethylene terephthalate (PET) is a well-
known engineering polymer used in the creation of
fibers, films, tapes, and bottles, as well as in the
moulding of powders and the production of
composite materials. Amorphous and unoriented PET
has little economic value due to poor mechanical
properties, increased gas penetration, decreased
dimensional stability, and increased extensibility [1-
3]. PET's physical and mechanical properties can be
greatly enhanced by crystallization and orientation
[2,3]. On the other hand, the rate of crystallization,
the degree of crystallinity, and the degree of
orientation can all be altered to affect microstructure

[2,3]. PET's qualities have long been influenced by its
crystallinity, and scientists have known this for years.
To the best of our knowledge, PET is a

significant commercial commodity, with one of the
biggest tonnages of any polymer product on the
planet. It is a rigid, stiff, robust, and dimensionally
stable substance with a low water absorption rate that
is utilized in the manufacture of synthetic fibers,
textiles, and fabrics [4,5]. For many years, synthetic
fibers were marketed under some of the most well-
known commercial names, including Dacron,
Trevira, and Terylene. Although PET fabrics have a
more synthetic feel than natural fibers such as cotton,
linen, and hemp, they do have the advantage of
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greater crease and wrinkle resistance. However, PET
is frequently blended with natural fibers to create a
product that combines the benefits of both fibers.

Interestingly, PET has steadily taken over
the carbonated soft drink and bottled water bottle
markets due to its lightweight, durable, and clear
properties when aligned amorphous as well as its
superior oxygen and carbon dioxide barrier
capabilities [6-8]. For the same reasons, it's also been
used in food containers and packaging. Since more
PET bottles and containers are being recycled, many
of the early concerns regarding the use of such a
costly material as PET have subsided, which explains
why global PET consumption is increasing [6-8].

Other applications for thermally stabilized
biaxially oriented PET films include -capacitors,
graphics, and film bases, among others [6-8]. Using
high tensile fiber and PET together could have
substantial uses in the military industry for body
protection. PET has been widely used in recent years
in the manufacture of fiber reinforced composites.

In order to sustain material features during
processing, rapid analytical techniques for measuring
crystallinity and fiber orientation were essential for
the polymer's commercialization. For defining PET's
crystallinity and orientation, numerous infrared
spectroscopic techniques have been used. However,
many limitations have been identified [9-17], not the
least of which is how to assign the molecular
characteristics of PET's vibrational spectrum's
absorption bands and where they belong in the crystal
and amorphous regions.In the literature, PET has
been extensively investigated in different theoretical
and experimental studies [18-27].

Generally, quantum chemical computations
have made molecular modeling an extremely useful
toolfor  studying molecular and vibrational
characteristics. When it comes to vibrational
frequency assignments and complicated organic
system bonding and structural properties, density
functional theory (DFT) and the Becke3-Lee-Yang—
Parr (B3LYP) technique are the most accurate tools
[28-31]. In this work, we will use quantum chemistry
as an alternative tool to investigate PET
thermochemical properties, including polymerization
(repeating  monomer  units), and  cis-trans
isomerization at 298 K. Also, we will analyze
electronic properties based on the van der Waals
dispersion-corrected  density  functional theory
calculations.
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2. Experimental
Our quantum chemical computations were

performed by the hybrid generalized gradient
approximation B3LYP method (Becke’s three-
parameter exchange functional and the correlation
functional from Lee, Yang, and Parr) [32] and 6-
31+G(d,p) [33] with the Gaussian 09 software
package [34], in addition to CHEMCRAFT [35] used
for visualization of the results. The dispersion
corrections for the non-bonding van der Waals
interactions were included using Grimme’s DFT-D3
method [36] to avoid double-counting of electron
correlation effects. The density of states [37] for the
models was obtained using Gaussian smearing of
Kohn-Sham orbital energies.

We calculated the optimized geometries of a
series of conformations as shown in Figure 1. Also,
we calculated many physical parameters such as

thermo-chemistry, overall  dipole  moment,
HOMO/LUMO Bandgap, ionization energies,
electronic  affinity, chemical potential, global

electrophilicity index, global hardness, softness, and
denisty of states at the same theory level.

3. Results and discussions
3.1. Geometry optimization

PET is typically manufactured using
ethylene glycol (EG) and either terephthalic acid or
dimethyl terephthalate (TPA dimethyl ester) [38].
Bis(hydroxyethyl) terephthalate (BHET) is the
product of both reactions, which are carried out at
temperatures between 240 and 260°C and pressures
ranging from 300 to 500 kPa for reaction 1 and 140
to 220°C and 100 kPa for reaction 2 [38]. Following
the first reaction, the molecular weight is required in
two or three phases of polymerization.

At 250-280 °C and 2-3 kPa, BHET
transesterification displaces EG as the first step in
polymerization [38]. To produce polymers, the
oligomers are then polycondensed at 270-280 °C and
50-100 kPa [38]. To get a higher molecular weight,
the polymer must be put through a third step of solid
state polymerization at temperatures between 200°C
and 240°C under pressure of 100kPa [38]. At this
point, it is appropriate for applications that do not
require high molecular weight chains. After the raw
polymer is manufactured, it can be extruded, injected,
or blown into the required shape [38].

This work investigated different  PET
conformers and initial monomers at 298 K and 1 bar
pressure. In Figure 1, we display the optimized
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structures at B3lyp/6-31+g(d,p) for ethylene glycol
monomer, dimethyl terephthalic acid ester monomer,
and methanol byproduct. Also, different PET models
with chain configurations were donated as: PET1,
PET2, PET3, PET4, PET5, PET6, PET7, PETS,
PET9, PET10, PET11 PET12, PET13, PET14,
PET15, PET16 were introduced.

PET1 and PET2 were the first two isomers
with no repeating units of ethylene glycol or TPA
dimethyl ester. EG repeating units were introduced in
PET3 and PET4 isomers. Then, three isomers with

TPA repeating unit monomers were donated as PETS5,
PET6, and PET7. Also, PET8, PET9, and PET10
conformers were shown, including the addition of 2
repeating units, one of ethylene glycol and one of
TPA ester. Furthuremore, PET11, PET12, and PET13
conformers were designed, including the addition of
3 repeating units of ethylene glycol and two TPA
ester. Finally, PET14, PET15, and PET16 conformers
were designed including the addition of 3 repeating
units of ethylene glycol and three of TPA ester.
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3.2. Thermo-chemistry and
insights

Many calculated thermo-chemical
parameters are donated in Table 1, including total
energy (HF), zero-point vibrational energy (Eo) at
0K, thermal energy (E2s), thermal enthalpy (Hags)
and Gibbs free energy (Gaes) for all species involved
in this study at room temperature in atomic units

(a.u).

related physical

In Table 2,total dipole moment (Debye),
HOMO-LUMO energy gap (eV), changes in energies
, enthalpies and Gibbs free energies in 298 K in
Kcal/mol, for polymer conformers are introduced at
B3lyp/6-31+g(d,p). There are two kinds of molecular
orbitals in Fermi-molecular orbitals (FMOs):
HOMOs, which are the most occupied, and LUMOs,
which are the least occupied. These orbitals provide
information about the chemical activity of the
researched conformers. Because the ease with which
electrons can be lost (HOMO) and gained (LUMO) is
a measure of this easiness. The values of band gap

covalent bonds between atoms. Bigger differences in
electronegativity and more polarity equate to a larger
dipole moment. For all polymer conformers, the
computed dipole moments vary from zero to 4.6
Debyethat means relatively low chemical activity in
general for all PET conformers at 298 K and 1 bar
pressure.

According to dipole moments values, PET 1
in cis form is more polar and more reactive than its
isomer PET2 in trans form, where PET3 in cis form
is highly reactive at 4.4 debye in comparison with
PET4, its isomer (trans form, 0.33 debye). Also,
PET5 with 4.35 debye is highly reactive in
comparison with its trans form isomers (PET6, 0.04
Debye and zero for PET7), where PET8 has 3.36
debye in comparison with its other isomers of 1.7 and
1.3 for PET9 and PET10, respectively. Comparable
dipole moments values for PET1l1, PET12, and
PET13 are 4.61, 3.12, and 3.0 debye, respectively.
Finally, 3.19, 0.28, and 1.48 debye are the dipole
moments for PET14 (cis form, more polar and more

energies range approximately from 5.0-5.2 eV. reactive), PET15, and PET16 (trans forms),
When two charges are separated, a dipole respectively.
moment occurs. Dipole moments are caused by
changes in electronegativity and can occur in
Table 1. Energies (a.u) of monomers, byproduct and polymer conformers at B3lyp/6-31+g(d,p).
Species Total energy Eo E29s Ha29s Gags
Ethylene glycol -230.219 -230.185 -230.186 -230.19 -230.277
TPA dimethyl ester -609.359 -609.312 -609.313 -609.32 -609.45
Methanol -115.706 -115.679 -115.680 -115.683 -115.73
PET1 -763.151 -763.093 -763.094 -763.108 -763.3
PET2 -763.151 -763.093 -763.094 -763.108 -763.3
PET3 -916.943 -916.874 -916.875 -916.89 -917.15
PET4 -916.943 -916.874 -916.875 -916.893 -917.15
PET5 -1296.082 -1296.0 -1296.001 -1296.024 -1296.3
PET6 -1296.081 -1295.999 | -1296.0007 -1296.023 -1296.3
PET7 -1296.082 -1296.001 -1296.002 -1296.025 -1296.3
PETS -1449.8745 -1449.78 -1449.7827 -1449.809 -1450.169
PET9 -1449.874 -1449.782 -1449.783 -1449.810 -1450.17
PET10 -1449.874 -1449.781 -1449.782 -1449.809 -1450.168
PET11 -1603.6669 -1603.562 -1603.563 -1603.595 -1604.016
PET12 -1603.667 -1603.563 -1603.564 -1603.595 -1604.016
PET13 -1603.666 -1603.564 -1603.565 -1603.596 -1604.017
PET14 -1982.806 -1982.689 -1982.69 -1982.726 -1983.19
PET15 -1982.806 -1982.689 -1982.690 -1982.726 -1983.19
PET16 -2136.5961 -2136.46 -2136.4705 -2136.5108 -2137.038
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Table 2. Total dipole moment (Debye), HOMO-LUMO energy gap (eV), changes in energies , enthalpies and
Gibbs free energies in 298 K in Kcal/mol, for polymer conformers at B3lyp/6-31+g(d,p).

Species Eq(eV) AE298 AH298 AG2os Dipole moment
PET1 5.17 -39.279 -39.276 -39.275 2.75
PET?2 5.16 -39.278 -39.275 -39.274 1.53
PET3 5.2 -193.056 -193.056 -193.071 4.4
PET4 5.19 -193.055 -193.053 -193.070 0.33
PET5 5.11 -572.182 -572.182 -572.209 4.35
PET6 5.15 -572.181 -572.186 -572.207 0.046
PET7 5.13 -572.183 -572.185 -572.208 0
PETS 5.17 -725.964 -725.964 -726.001 3.36
PET9 5.14 -725.965 -725.965 -726.002 1.73

PET10 5.11 -725.968 -725.969 -726.003 1.38
PET11 5.1 -879.743 -879.746 -879.797 4.61
PET12 5.17 -879.744 -879.743 -879.795 3.12
PET13 5.12 -879.745 -879.744 -879.794 3.0
PET14 5.089 -1258.85 -1258.87 -1258.93 3.19
PET15 5.105 -1258.87 -1258.90 -1258.91 0.28
PET16 5.064 -1412.66 -1412.67 -1412.72 1.48

Table 3. lonization energy (eV), electron affinity (eV), global hardness (eV), electronic chemical potential (eV), global
electrophilicity index (eV) and finally softness (eV -1) for polymer conformers at B3lyp/6-31+g(d,p).

lonization | Electronic Global Electronic chemical Global
. . _ . e Softness
Species energies affinity hardness potential electrophilicity
index

PET1 7.668 2.496 2.586 -5.082 4.994 0.386
PET?2 7.657 2.496 2.580 -5.077 4.994 0.387
PET3 7.588 2.380 2.604 -4.984 4,770 0.383
PET4 7.614 2.423 2.595 -5.019 4.853 0.385
PETS5 7.7185 2.608 2.555 -5.163 5.217 0.391
PET6 7.714 2.569 2.572 -5.141 5.138 0.388
PET7 7.723 2.591 2.565 -5.157 5.182 0.389
PETS8 7.715 2.540 2.587 -5.127 5.081 0.386
PET9 7.665 2.528 2.568 -5.096 5.056 0.389
PET10 7.672 2.557 2.557 -5.114 5.115 0.391
PET11 7.635 2.529 2.552 -5.082 5.058 0.391
PET12 7.648 2.481 2.583 -5.065 4.964 0.387
PET13 7.642 2.518 2.561 -5.080 5.038 0.390
PET14 7.702 2.613 2.544 -5.157 5.227 0.39
PET15 7.705 2.600 2.552 -5.153 5.201 0.391
PET16 7.635 2.571 2.532 -5.103 5.142 0.394

On the other hand, according to the energies
calculated atroom temperature, the spontaneous
nature of the polymerization reaction has been
illustrated, especially with increasing repeating units.
The arrangement can be mentioned from high
spontaneous to low spontaneous reaction as PET16 of
approx. -1412.6 Kcal/mol then -1258.8Kcal/mol for

Egypt. J. Chem. 65, No. 7 (2022)

PET14 and PET15 conformers then (~ -879.743)
Kcal/mol for PET11-13 conformers and around -
725.965 Kcal/mol for PET8-10 conformers then
approx. -572.186 Kcal/mol for PET5, PET6, and
PET7 then (~-193.056) Kcal/mol were for PET3 and
PET4 and finally around -39.275 Kcal/mol for PET 1
and PET2
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According to the molecular orbital theory,
using FMOs energies, the ionization energy (I) and
electron affinity (A) can be expressed by as I = -
EHOMO and A = -ELUMO. Also, theglobal
hardness (1)) and electronic chemical potential (p) are
given by p = 1/2(ELUMO-EHOMO) and p=
1/2(ELUMO+ EHOMO). The global electrophilicity
index is y = p? /2y and softness is { = 1/g [39,40]. All
these resultsare listed for polymer conformers at
B3lyp/6-31+g(d,p) in Table 3.
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Figure 2 shows the calculated density of
state (DOS) spectrum for some polymer conformers
donated as: PET1, PET3, PET7, PET10, PET13, and
PET16, respectively, to rationalize the observed
changes in the band region at the same level of
theory. The band gaps were not affected by
increasing the repeating units.For all polymer
conformers, the computed band gap energies were
(~5.0-5.2 eV) at 298 K and 1 bar pressure.
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4, Conclusions.
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An attempt was made to obtain some physical
features of polyethylene terephthalate (PET) using ab
initio DFT (Density Functional Theory) study,
including polymerization (repeating monomer units)
and cis-trans isomerization at 298 K. Each molecule's
global energy minimum was achieved through
geometry  optimization of a sequence of
conformations. The magnitude and direction of the
dipole moment, ionization energies, electronic
affinity, chemical potential, global electrophilicity
index, global hardness, softness and denisty of states,
total electronic energy at 0 K, enthalpy,the HOMO
and LUMO energy gaps, and the free Gibbs energy of
the examined polymer and its conformers were all
derived using molecular structure simulations. Cis
form polymers are more symmetrical, more polar,
and more reactive. These are the reasons for their
ease of crystallization and polymerizatio in
comparison with trans forms. More
spontaneouspolymerizations were noticed
withincreasing repeating units of conformers. Less
dipole moments of trans forms make them more
stable. All results were at room temperature.

5.Acknowledgments We thank the Academy of
Scientific Research and Technology of Egypt for its
support in this work under funding program no.
2/2019/ASRT-Nexus and also King Abdulaziz
University’s High-Performance Computing Center
(Aziz Supercomputer) for supporting the group with
some computational work.

6.References

[1] Zheng, M., et al.  Computational
biotransformation of polyethylene terephthalate
by depolymerase: A QM/MM
approach. Journal of Hazardous Materials 423,
127017 (2022).

[2] Das, S.K., et al. Plastic Recycling of Polyethylene
Terephthalate (PET) and Polyhydroxybutyrate
(PHB)—a Comprehensive Review. Materials
Circular Economy 3, 1-22 (2021).

[3] Chen, S., et al. Crystallization and Thermal
Behaviors of Poly (ethylene
terephthalate)/Bisphenols Complexes through
Melt Post-Polycondensation. Polymers 12, 3053
(2020).

Egypt. J. Chem. 65, No. 7 (2022)

[4] Ronkay, F., et al. Melting temperature versus
crystallinity: new way for identification and
analysis of multiple endotherms of poly
(ethylene terephthalate). Journal of Polymer
Research27, 1-17(2020).

[5] Albanese, M., et al. The aliphatic counterpart of
PET, PPT and PBT aromatic polyesters: effect
of the molecular structure on thermo-
mechanical  properties. AIMS  Molecular
Science3, 32-51 (2016).

[6] Chen, Z., Hay,J. N. and Jenkins, M. J. The
thermal analysis of poly (ethylene terephthalate)
by FTIR spectroscopy. ThermochimicaActa552,
123-130(2013).

[7]1 Chen, Z., Hay, J. N. and Jenkins, M. J. The
kinetics of crystallization of poly (ethylene
terephthalate) measured by FTIR spectroscopy.
European polymer journal49, 1722-1730
(2013).

[8]Chen, Z., Hay, J. N. and Jenkins, M. J. FTIR
spectroscopic  analysis of poly (ethylene
terephthalate) on crystallization. European
Polymer Journal48, 1586-1610 (2012).

[91 Lu, X. F., and J. N. Hay. Crystallization
orientation and relaxation in uniaxially drawn
poly (ethylene terephthalate). Polymer42, 8055-
8067 (2001).

[10] Cobbs J, W. H., and Burton, R. L.
Crystallization of polyethylene terephthalate.
Journal of Polymer Sciencel0, 275-290 (1953).

[11] Miller, R. G. J.,, and Willis.,H. A. An
independent measurement of the amorphous
content of polymers. Journal of Polymer
Sciencel9, 485-494 (1956).

[12] Eltagoury, Y. M., Yasser M. S., Diaa A. K.
MEMS-based polarized FTIR spectrometer for
polymer quality control. MOEMS and
Miniaturized Systems XX.. International Society
for Optics and Photonics,11697 (2021).

[13] Ward, I. M., and Wilding., M. A. Infra-red and
Raman spectra of poly (m-methylene
terephthalate) polymers. Polymerl8, 327-335
(1977).

[14] Aref-Azar, A., and Hay, J. N.. Physical ageing in
glassy polymers. An ir  spectroscopic
investigation of poly (ethylene
terephthalate). Polymer 23, 1129-1132 (1982).

[15] Atkinson, J. R., Biddlestone, F. Hay, J. N. An
investigation of glass formation and physical
ageing in poly (ethylene terephthalate) by FT-IR
spectroscopy. Polymer 41, 6965-6968 (2000).



THEORETICAL STUDY OF ISOMERIZATION AND POLYMERIZATION IN POLYETHYLENE.. 361

[16] Mohamed, Hamdy FM, Yasuo Ito, and
Masayuki Imai. Change of distribution of free
volume holes during crystallization of poly
(ethylene terephthalate) revealed by positron
annihilation lifetime spectroscopy. The Journal
of chemical physics105,4841-4845 (1996).

[17] Ajji, A., et al. Orientation of amorphous poly
(ethylene terephthalate) by tensile drawing,
roll-drawing, and die-drawing.  Polymer
Engineering & Science37, 1801-1808 (1997).

[18] Hussain, N., et al. Synthesis of highly
conductive electrospun recycled polyethylene
terephthalate nanofibers using the electroless

deposition method. Nanomaterials1l, 531
(2021).

[19] Tiso, T., et al. Towards bio-upcycling of
polyethylene terephthalate. Metabolic

engineering66, 167-178 (2021).

[20] Feng, S., et al. Is PETase-and Is MHETase-
Catalyzed Cascade Degradation Mechanism
toward Polyethylene  Terephthalate. ACS
Sustainable Chemistry & Engineering9, 9823-
9832 (2021).

[21] Jerves, C., et al. Reaction Mechanism of the
PET Degrading Enzyme PETase Studied with
DFT/MM Molecular Dynamics Simulations.
ACS Catalysis1l, 11626-11638 (2021).

[22] Boneta, S., Kemel, A., Vicent, M. QM/MM
Study of the Enzymatic Biodegradation
Mechanism of Polyethylene Terephthalate.
Journal of Chemical Information and Modeling
(2021).

[23] Hu, Q., Vindi M. J.-A., Rajeev, P. Degradation
of a Main Plastic Pollutant Polyethylene
Terephthalate by Two Distinct Proteases
(Neprilysin and Cutinase-like Enzyme). Journal
of Chemical Information and Modeling61, 764-
776 (2021).

[24] Yao, H., et al. Multiple Hydrogen Bonds
Promote the Nonmetallic Degradation Process
of Polyethylene Terephthalate with an Amino
Acid lonic Liquid Catalyst. Industrial &
Engineering Chemistry Research60, 4180-4188
(2021).

[25] Ghosh, S., et al. Rapid upcycling of waste
polyethylene terephthalate to energy storing
disodium terephthalate flowers with DFT
calculations. ACS Sustainable Chemistry &
Engineering8, 6252-6262 (2020).

[26] Lutgert, J., et al. Measuring the structure and
equation of state of polyethylene terephthalate

Egypt. J. Chem. 65, No. 7 (2022)

at megabar pressures. Scientific reportsll, 1-9
(2021).

[27] Shih, C.-Y., et al. Enhanced sorption of the UV
filter 4-methylbenzylidene camphor on aged
PET microplastics from both experimental and
theoretical perspectives. RSC Advancesll,
32494-32504 (2021).

[28] El-Mansy, M.A.M, et al. FT-IR, Molecular
Structure and Nonlinear Optical Properties of 2-
(pyranoquinolin-4-yl) malononitrile (PQMN): A
DFT Approach.biointerface research in applied
chemistry11, 13729 - 13739 (2021).

[29] EI-Gogary, Tarek M., et al. First-principle
kinetic studies of unimolecular pyrolysis of
isopropyl esters as biodiesel
surrogates. Theoretical Chemistry
Accounts 140, 1-15 (2021).

[30]Heikal, L. A., et al. ICMMS-2: Metal— organic
Frameworks for Hydrogen Storage: Theoretical
Prospective. Egyptian Journal of Chemistry 64,
7-8 (2021).

[31] EI-Nahas, A. M., et al. Structures and energetics
of unimolecular thermal degradation of
isopropyl butanoate as a model biofuel: density
functional theory and ab initio studies. The
Journal of Physical Chemistry A 114, 7996-
8002 (2010).

[32] (a) Becke, A. D. Phys Rev A38, 3098 (1988).
(b) Lee, C., Yang, W. and Parr., R. G. Phys.
rev. b37, 785 (1988).

[33] Francl, M. M., et al. Self-consistent molecular
orbital methods. XXIII. A polarization-type
basis set for second-row elements. J. Chem.
Phys. 77, 3654-3665 (1982).

[34] Frisch, M.J.; Schlegel, G.W.T.H.B.; Scuseria,
G.E.; Robb, M.A.; Cheeseman, J.R;
Montgomery, Jr.J.A.; Vreven, T.; Kudin, K.N;
Burant, J.C.; Millam, J.M.; lyengar, S.S,
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi,
M.; Scalmani, G.; Rega, N.; Petersson, G.A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J.E.; Hratchian, H.P.; Cross, J.B.;
Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R.E.; Yazyev, O.; Austin, A.J;
Cammi, R.; Pomelli, C.; Ochterski, J.W.; Ayala,
P.Y.; Morokuma, K.; Voth, G.A.; Salvador, P.;
Dannenberg, J.J.; Zakrzewski, V.G.; Dapprich,
S.; Daniels, A.D.; Strain, M.C.; Farkas, O.;
Malick, D.K.; Rabuck, A.D.; Raghavachari, K;



362

Walid M.1. Hassan et.al.

Foresman, J.B.; Ortiz, J.V.; Cui, Q.; Baboul,
A.G.; Clifford, S.; Cioslowski, J.; Stefanov,
B.B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R.L.; Fox, D.J.; Keith,
T.; Al-Laham, A.M.; Peng, C.Y.; Nanayakkara,
A.; Challacombe, M.; Gill, P.M.W.; Johnson,
B.; Chen, W.; Wong, M.W.; Gonzalez, C;
Pople, J.A. Inc., Wallingford CT (2009).

[35] Zhurko, G. A., and Denis A. Z. "Chemcraft

program.” Academic version 1, 2004 (2004).

[36] Grimme, S., Ehrlich,S. and Goerigk, L. Effect

of the damping function in dispersion corrected
density functional theory. J.comput. chem.32,
1456-1465 (2011).

[37] Martin, R. M., and Milton, R. M. Electronic

structure: basic theory and practical methods.
Cambridge university press, (2004).

Egypt. J. Chem. 65, No. 7 (2022)

[38]

Webb, H. K., et al. Plastic degradation and its
environmental  implications  with  special
reference to poly (ethylene
terephthalate). Polymers 5, 1-18 (2013).

[39] Almugrin, A. H., et al. DFT computational study

[40]

towards investigating psychotropic  drugs,
promazine and trifluoperazine adsorption on
graphene, fullerene and carbon cyclic ring
nanoclusters.SpectrochimicaActa  Part  A:
Molecular and Biomolecular Spectroscopy 246,
119012 (2021).

Gulacsi, M., EI-Mansy, M. A. M., Gulacsi., Z.
Electron-phonon interactions in conducting
polymers.



