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ABSTRACT

Model molecules for sodium carboxymethyl cellulose (Na-CMC) (monomer), glycerol, acetic acid and Na-CMC-glycerol-acetic acid are
optimized with Density Functional Theory (DFT) at B3LYP/3-21G*. For the optimized models, total dipole moment (TDM), the highest
occupied and lowest unoccupied molecular orbitals (HOMO/LUMO band gap energy), and molecular electrostatic potentials (ESP) are
calculated at the same method to give an explanation for the possibility of using Na-CMC-Glycerol-acetic acid model molecule in
electrochemical devices, gas sensors and batteries. As a result of the substitution of Na-CMC with glycerol, TDM increased from 7.7141
Debye to 22.4942 Debye which is approximately equal to three times that of Na-CMC. However, HOMO/LUMO band gap energy
decreased from 0.9040 eV to 0.5072 eV. After the addition of acetic acid to Na-CMC-glycerol model, TDM increased t024.7270 Debye
and HOMO/LUMO band gap energy decreased to 0.4939 eV. Both TDM and HOMO/LUMO band gap energy values are improved by
increasing the acetic acid units, where TDM became 25.3510 Debye and HOMO/LUMO band gap energy decreased to 0.3815 eV. The
results of ESP indicated that the addition of glycerol and acetic acid to Na-CMC increased the electronegativity of Na-CMC which in

turn enhanced its electronic properties.
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1. INTRODUCTION

Cellulose as well as its derivatives are considered the most
abundant natural eco friendly, as they are bio-degradable [1, 2].
Cellulose could be functionalized through blending and/or
chemical modifications. The aim is to produce new materials with
desired properties based on the required application. Functional
cellulose is well known as cellulose derivatives.
Sodium carboxymethyl cellulose which is termed as Na-CMC is
considered as cellulose derivative [3]. It is chemically known as
beta-[1, 4]-D-glucopyranose polymer. It has several applications
the most common applications are its application as bulk laxative
and as an emulsifier and thickener in cosmetics and
pharmaceuticals and as a stabilizer for reagents[4-8].
Na-CMC could be also termed CBC just for simplicity, CMC
among other polymers could be recently applied as hydrogel to
produce biocompatible scaffold [9]. The general properties of the
mineralized biocomposite of PVP-CMC-CaCO3 hydrogel scaffold
are reported by many authors [10, 11]. Molecular modeling

2. EXPERIMENTAL SECTION

Computational Details.

A computational modeling of one unit for sodium carboxymethyl
cellulose (Na-CMC), acetic acid, glycerol and Na-CMCsubstituted
with glycerol and acetic acid was carried out on a personal
computer at B3LYP/3-21G* [19-21] level of density functional
theory(DFT). All calculations are implemented using Gaussian 09

computational methods are recommended methods for elucidating
electronic structure properties for natural polymers [12-15]. Such
class of computational work could predicate the structural,
physical, vibrational characteristics for natural polymers including
cellulose, chitosan, collagen as well as their blending and
derivatives. Molecular modeling provides information for many
systems whereas experimental techniques are limited and/or even
not available. It is also recommended a technique for investigating
emerging as well as new materials [16-18].

Based wupon the above background molecularmodeling
calculations at B3LYP/3-21G™ level is conducted to study sodium
carboxymethyl cellulose, glycerol, acetic acid and sodium
carboxymethyl cellulose/glycerol/acetic acid. Each structure is
optimized then some important physical parameters are calculated
in order to elucidate the electronic properties of the studied
structures.

[22] software at Spectroscopy Department, National Research
Centre, Egypt. Total dipole moment (TDM)and HOMO/LUMO
band gaps are also calculated for the studied structures. Also
electrostatic potentials(ESP) are conducted at the same quantum
mechanical method.
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3. RESULTS SECTION

Modifications of chemical and physical properties of Na-
CMC can be done by the addition of organic and/or inorganic
additives, Na-CMC is supposed to interact firstly with glycerol
and then with organic acid such as acetic acid. Model molecules
representing Na-CMC (monomer), glycerol and acetic acid are
subjected to optimization as presented in figure 1(a, b, and c).
Then the optimized Na-CMC is supposed to interact with glycerol
to enhance its properties. There are a number of possible
interactions between glycerol and Na-CMC whereas glycerol can
interact with Na-CMC via the OH group attached to the carbon
atom number 2, 3, 4, 8, 10 and 11respectively as shown in figure
1(d, e, f, g, h and i) It is worth to mention that, the scheme of
interaction is the adsorbed state.
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Figure 1. B3LYP/3-21G*optimized structure for a- Na-CMC monomer;
b)glycerol; c)acetic acid; d)Na-CMC-(C,) glycerol; e)Na-CMC-(Cs)
glycerol; f)Na-CMC-(C,) glycerol; g)Na-CMC-(Cs) glycerol; h)Na-CMC-
(Cyo) glycerol and i)Na-CMC-(Cy,) glycerol.

Total dipole moment(TDM) and HOMO/LUMO band gap energy
are considered among the most important physical parameters as
they explain the stability, reactivity and/or electronic behavior of
the investigated structures [23-24]. Both TDM and
HOMO/LUMO band gap energy are calculated at B3LYP/3-
21G*level as listed in table 1. Table 1 presents the change in the
calculated total dipole moment and band gap energy of the studied
model molecules. From the table, it is clear that Na-CMC, glycerol
and acetic acid have TDM of7 .7141, 3.0170 and 1.7275 but they
have HOMO/LUMO band gap energy of 0.9040, 1.9187 and
6.8756 eV respectively. As a consequence of the substitution of
Na-CMC with glycerol and acetic acid, the calculated values of
both TDM and HOMO/LUMO band gap energy of the individual
models are changed. TDM of Na-CMC changed as a result of
interaction from 7.7141 Debye to 16.9723, 22.4942, 4.0667,
14.7052, 8.7850 and 19.1294 Debye for Na-CMC substituted with
glycerol via the OH group attached to carbon atom number 2, 3, 4,
8, 10 and 11 respectively. While HOMO/LUMO band gap energy
changed from 0.9040 eV to 1.1345, 0.5072, 0.7562, 1.1325,
0.4623 and to 0.8563 eV in the same sequence. Because Na-CMC

has its maximum value of TDM (22.4942Debye)and has minimum
value of HOMO/LUMO band gap energy (0.5072eV) when
interacted with glycerol throughout the OH group attached to the
carbon atom number 3 then this case is considered as the most
probable case of interaction. Then the proposed structure of Na-
CMC-(Cs)glycerol, as it requires a minimum energy to occur, is
supposed to interact with acetic acid. The structures are optimized
and shown in figure 2(a, b,c, d and e) where, the substitution of
Na-CMC-(C3) glycerol with acetic acid is done by the connection
throughcarbon atom numberC,, C4 Cg Cyp and Cywhich
connected with the hydroxyl group.

Table 1. Calculated TDM as Debye and HOMO/LUMO band gap
energyaseV for Na-CMC; glycerol; acetic acid; Na-CMC-(C,)
glycerol;Na-CMC-(Cy3) glycerol, Na-CMC-(C,) glycerol; Na-CMC-(Cg)
glycerol; Na-CMC-(Cy) glycerol and Na-CMC-(Cy;) glycerol at
B3LYP/3-21G* quantum mechanical method.

Structure TDM AE
Na-CMC 7.7141 0.9040
glycerol 3.0170 1.9187
acetic acid 1.7275 6.8756
Na-CMC-(C,) - glycerol 16.9723 1.1345
Na-CMC-(Cy)- glycerol 22.4942 0.5072
Na-CMC-(Cy)- glycerol 4.0667 0.7562
Na-CMC-(Cg)- glycerol 14.7052 1.1325
Na-CMC-(C,p)- glycerol 8.7850 0.4623
Na-CMC-(Cy,)- glycerol 19.1294 0.8563
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Figure 2. B3LYP/3-21G*optimized structure for a)Na-CMC-
(Cs)glycerol-( Cy)acetic acid; b)Na-CMC-( C5) glycerol-(Cj)acetic acid; ¢
)Na-CMC-(Cs)glycerol-(Cg) acetic acid; d)Na-CMC-(Cs)glycerol-(Cyo)
acetic acid and e)Na-CMC-(Cs;)glycerol-( Cy;) acetic acid.

Figure 4 displays the change occurred in HOMO/LUMO band gap
energy of Na-CMC due to substitution with glycerol at the
different positions of the OH group. The change in TDM and
HOMO/LUMO band gap energy as a result of substitution of Na-
CMC-(C3) glycerol with acetic acid is presented in table 2.
Furthermore; TDM changed from 22.4942 Debye for Na-CMC-
(C3) glycerol to 21.8074, 20.6873, 21.2684, 19.9682 and 24.7270
Debye for Na-CMC-(C3) glycerol-(C,)acetic acid, Na-CMC-(C5)
glycerol-(Cy)acetic acid, Na-CMC-(C3) glycerol-(Cg)acetic acid,
Na-CMC-(C;) glycerol-(Cyp)acetic acid and Na-CMC-(Cj)
glycerol-(Cyy)acetic acid respectively. However; the band gap
energy changed from 0.5072 eV to 0.4689, 0.6914, 0.3682, 0.7706
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and 0.4939 eV for the same sequence. This change in
HOMO/LUMO band gap energy is presented in figure 5.

Table 2. Calculated TDM as Debye and HOMO/LUMO band gap energy
as eV for Na-CMC-(C,3) glycerol-(C,)acetic acid; Na-CMC-(Cs) glycerol-
(Cy)acetic acid; Na-CMC-(Cy) glycerol-(Cyg) acetic acid; Na-CMC-(C5)
glycerol-( Cyg) acetic acid; and Na-CMC-(C5) glycerol-(Cy;) acetic acid at

B3LYP/3-21G* quantum mechanical method.
Structure TDM AE

Na-CMC-(Cy)- glycerol 22.4942 0.5072
Na-CMC-(C5) glycerol-(C,)acetic acid 21.8074 0.4689
Na-CMC-(C,) glycerol-(C,)acetic acid 20.6873 0.6914
Na-CMC-(Cy) glycerol-(Cg)acetic acid 21.2684 0.3682
Na-CMC-(C,) glycerol-(Cyp)acetic acid 19.9682 0.7706
Na-CMC-(C;) glycerol-(C,;)acetic acid 24.7270 0.4939
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Figure 3. B3LYP/3-21G*optimized structures for a)Na-CMC-
(Cs)glycerol-2acetic acid; b)Na-CMC-( C5) glycerol-3acetic acid; ¢ )Na-
CMC-(Cs)glycerol- 4 acetic acidand d)Na-CMC-(Cs)glycerol-5 acetic
acid.
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Figure 4. B3LYP/3-21G*calculated HOMO/LUMO band gap energy for
a)Na-CMC monomer; b)glycerol; c)acetic acid; d)Na-CMC-(C,) glycerol;
e)Na-CMC-(Cy) glycerol f)Na-CMC-(C,) glycerol; g)Na-CMC-(Cs)
glycerol; h)Na-CMC-(C,) glycerol and i)Na-CMC-(C,;) glycerol.
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Figure 5. B3LYP/3-21G*calculated HOMO/LUMO band gap energy for
a)Na-CMC-(Cs)glycerol-( Cy)acetic acid; b)Na-CMC-( C3) glycerol-
(Cy)acetic acid; ¢ )Na-CMC-(Cz)glycerol-(Cg) acetic acid; d)Na-CMC-
(Cs)glycerol-( Cyp) acetic acid; and e)Na-CMC-(Cz)glycerol-( Cy;) acetic
acid.

» P Peo
@ , 2e, °® i o - X
RS e e = touo B gy 3
e < % i b= *3%""
N o -z
(@ (b)
. e . o
W™ §
o G g o> 3
® P 2.8 =" Re
3% -,aﬁ'viga Lo >
ou." .:“’ » mwv:'sog,..
“’%g - 0?3

(© (@]

Figure 6. B3LYP/3-21G*calculated HOMO/LUMO band gap energy for
a)Na-CMC-(C;)glycerol-2acetic acid; b)Na-CMC-( Cs) glycerol-3acetic
acid; ¢ )Na-CMC-(Cs)glycerol- 4 acetic acid and d)Na-CMC-
(Cs)glycerol-5 acetic acid.

Since there is an observable change in both physical quantities
TDM and HOMO/LUMO band gap then one can perform more
calculations by increasing the units of acetic acid. Since Na-CMC-
(Cs) glycerol- (Cyq)acetic acid possess highest TDM and its band
gap energy is less than that of Na-CMC-(C5) glycerol then it is the
most suitable model molecule to increase acetic acid units. The
optimized model molecules for Na-CMC-(Cs) glycerol interact
with two, three, four and five units of acetic acid are presented in
figure 3(a, b, c and d) respectively.

Table 3 presents the calculated TDM and HOMO/LUMO band
gap energy for Na-CMC-Csglycerol- X acetic acid where X=2,3,4
and 5 acetic acid units. TDM changed to 23.9039, 25.3510,
23.5339 and 21.3506 Debye for two, three, four and five units of
acetic acid. However, HOMO/LUMO band gap energy changed to
0.7886, 0.3815, 0.8329 and 0.5026 eV for the same sequence and
these structures are shown in figure 6 (a, b, c and d).

Furthermore; molecular electrostatic potentials (ESPs) are also
calculated for all studied model molecules at the same level of
theory as it also gives information about the reactivity/stability of
the optimized model molecules. The calculated electrostatic
potentials are drawn as contour for all studied structures.
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Figure 7, 8 and 9 presents the ESP as contour action for all the
studied structures.
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Figure 7. B3LYP/3-21G*calculated ESP as contour action for a)Na-
CMC; b-glycerol; c)acetic acid; d)Na-CMC-(C,) glycerol; e)Na-CMC-
(Cy) glycerol f)Na-CMC-(C,) glycerol; g)Na-CMC-(Cg) glycerol; h)Na-

CMC-(Cyy) glycerol and i)Na-CMC-(C;) glycerol.
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Figure 8. B3LYP/3-21G*calculated ESP as contour action for a)Na-
CMC-(C5)glycerol-( Cy)acetic acid; b)Na-CMC-( C5) glycerol-(C,)acetic
acid; ¢ )Na-CMC-(Cs)glycerol-(Cg) acetic acid; d)Na-CMC-(Cz)glycerol-(
Co) acetic acid; and e)Na-CMC-(Cs)glycerol-( Cy;) acetic acid.

4, CONCLUSIONS

As a result of calculations; the obtained results of Na-
CMC-glycerol-acetic acid model molecule indicated that the
addition of glycerol and acetic acid to Na-CMC increases the
electro-negativity of Na-CMC and hence enhances its electronic
properties. Furthermore;by increasing the concentration of acetic
acid, TDM increases to 25.3510 Debye and then starts to decrease
with increasing concentrations of acetic acid up to 4 and 5 units
while HOMO/LUMO band gap energy becomes 0.3815 eV other

5. REFERENCES
1. Tomsic, B.; Simoncic, B.; Orel, B.; Vilcnik, A.; Spreizer, H.
Biodegradability = of  cellulose  fabric  modified by
imidazolidinone. Carbohydrate Polymer 2007, 69, 478-488,
https://doi.org/10.1016/j.carbpol.2007.01.003.
2. Tufan, M.; Uraz, E.; Tosun, C.; Gercel, H.
SciEngg tech. 2016, 4, 53-55.

Olsiall cal Int. J.

@ - 2
>0 calE
o8 e 5o 2\ -
> o =2° =
(a) (b)
Loy
3 -
2 -, » oo -
,:). -..... A e B
o ‘gzo‘q'“ » i.
Do ve s s
«/ = -
o WY ‘s > b X
= 3 o A
&

© ()

Figure 9. B3LYP/3-21G*calculated ESP as contour acetic action for
a)Na-CMC-(Cs)glycerol-2acetic acid; b)Na-CMC-(Cs) glycerol-3acetic
acid; ¢ )Na-CMC-(Cs)glycerol- 4 acetic acid and d)Na-CMC-
(Cs)glycerol-5 acetic acid.

Table 3. Calculated TDM as Debye and HOMO/LUMO band gap energy
as eV for Na-CMC-(Cs)glycerol-2acetic acid; Na-CMC-( Cs) glycerol-
3acetic acid; Na-CMC-(Cz)glycerol- 4 acetic acid and Na-CMC-
(Cs)glycerol-5 acetic acid at B3LYP/3-21G* quantum mechanical

method.

Structure TDM =
Na-CMC-(Cs)glycerol- 2 acetic acid 23.9039 0.7886
Na-CMC-(C5)glycerol - 3 acetic acid 25.3510 0.3815
Na-CMC-(C5)glycerol - 4 acetic acid 23.5339 0.8329
Na-CMC-(C3)glycerol - 5 acetic acid 21.3506 0.5026

The contour of molecular ESP is a physical description for the
surface of each studied structures. This description could be
achieved through mapping the sites for the electrophilic as well as
nucleophilic attacks [25]. This mapping is indicated in terms
contour which is describing the charge distributions for the studied
structure throughout colors. Mapping the colors indicates the site,
each color represents certain charge so that, from negative to
positive the colors are going to change from red to blue. The
negativity is following color scheme according to the following
color order red< orange < yellow < green < blue which is
mentioned earlier in the literature [26-27].

It could be stated that, the electro-negativity of Na-CMC increases
highly by substitution with glycerol and it continue to increase by
substitution with acetic acid until a certain amount of acetic acid
units and finally begins to decrease.

than starts to decrease at higher acetic acid concentrations which
means that the mobility of charge carriers increases as a result of
increasing acetic acid concentration until reach to the highest
value(which means that conductivity increases) and then starts to
decrease due to the agglomeration of ions which are in good
agreement with the experimental results. Also the calculated ESPs
are in good agreement with TDM and HOMO/LUMO band gap
energy calculated values.

3. Sannino, A.; Demitri, C.; Madaghiele, M. Biodegradable
cellulose-based hydrogels: Design and applications. Materials
2009, 2, 353-373, https://doi.org/10.3390/ma2020353.

4. Zhou, Y.J.; Luner, P.; Caluwe, P. Mechanism of crosslinking
of papers with polyfunctional carboxylic acids. Journal of

Page | 556


https://doi.org/10.1016/j.carbpol.2007.01.003
https://doi.org/10.3390/ma2020353

On the Molecular Modeling Analyses of Sodium Carboxymethyl Cellulose Treated with Acetic Acid

Applied  Polymer  Science 1995, 58, 1523-1534,
https://doi.org/10.1002/app.1995.070580915.

5. Barbucci, R.;Giani, G.; Fedi, S.; Bottari, S.; Casolaro, M.
Biohydrogels with magnetic nanoparticles as crosslinker:
characteristics and potential use for controlled antitumor drug-
delivery. Acta Biomater. 2012, 8, 4244-4252,
https://doi.org/10.1016/j.actbio.2012.09.006.

6. Akar, E.; Altimisik, A.; Seki, Y. Preparation of pH- and ionic-
strength responsive biodegradable fumaric acid
crosslinkedcarboxymethyl cellulose. CarbohydrPolym. 2012, 90,
1634-1641, https://doi.org/10.1016/j.carbpol.2012.07.043.

7. Ronowicz, J.; Kupcewicz, B.; Patkowski, L.; Krysinski, J.
Development and optimization of the activated charcoal
suspension composition based on a mixture design approach.
Acta Pharm. 2015, 65, 83-90, https://doi.org/10.1515/acph-
2015-0005.

8. Sunardi, F.; Mutia, N.; Junaidi, A.B. Preparation of
carboxymethyl cellulose produced from purun tikus (Eleocharis
dulcis). American Institute of Physics Conference Series 2017,
1868, https://doi.org/10.1063/1.4995094.

9. Saha, N.; Shah, R.; Gupta, P.; Mandal, B.B.; Alexandrova,
R.; Sikiric, M.D.; Saha, P. PVP-CMC hydrogel: An excellent
bioinspired and biocompatible scaffold for osseointegration.
Materials Science and Engineering: C 2019, 95, 440-449,
https://doi.org/10.1016/j.msec.2018.04.050.

10. Shah, R.; Saha, N.; Kitano, T.; Saha, P. Influence of strain on
dynamic viscoelastic properties of swelled (H20) and
biomineralized (CaCO3) PVP-CMC hydrogels. Appl. Rheol.
2015, 25, 1-10, https://doi.org/10.3933/APPLRHEOL -25-33979.
11. Shah, R.; Saha, N.; Kucekova, Z.; Humpolicek, P.; Saha, P.
Properties of biomineralized (CaCO3) PVP-CMC hydrogel with
reference to its cytotoxicity. Int. J. Polym. Mater. polym.
Biomater. 2016, 65, 619-628.

12. Elhaes, H.; Mahmoud, A.A.; Ahmed, E.M.; Abdel-Aal, M.S;
Osman, O.; lbrahim, M. Development of Natural Blends for
Removal of Organic Pollutants. J. Comput. Theor. Nanosci.
2014, 11, 1891-1898, https://doi.org/10.1166/jctn.2014.3583.
13.Omar, A.; El-Sayed, E.M.; Talaat, M.S.; Ibrahim, M. DNA
Hybridization on Chitosan-Functionalized Silicon Substrate.
Medicinal Chemistry 2016, 12, 464-471.

14. Ragab, T.l.; El-Bassyouni, G.T.; Helmy, W.A.; Taie, H.A;;
Refaat, A.; lbrahim, M.A.; El-Hmeed, E.A.; Esawy, M.A.
Evaluation of Multifunction Bioactivities of Extracted Chitosan
and their UV/Ozone Derivatives. Journal of Applied
Pharmaceutical Science 2018, 8, 53-62,
https://doi.org/10.7324/JAPS.2018.81008.

15. Bayoumy, A.M.; El-Sayed, E.S.M.; Omar, A.; lbrahim, M.
Emerging applications of chitosan: from biology to environment.
Biointerface Research in Applied Chemistry 2018, 8, 3368-3380.
16. Abdelsalam, H.; Saroka, V.A.; Ali, M.; Teleb, N.H.; Elhaes,
H.; Ibrahim, M.A. Stability and electronic properties of edge
functionalized silicene quantum dots: A first principles
study. Physica E 2019, 108, 339-346,
https://doi.org/10.1016/j.physe.2018.07.022.

17. Galal, A.M.; Abouelsayed, A.; Ibrahim, M.A.; Hanna, A.G.
Configuration and Molecular Structure of 5-Chloro-N-(4-
sulfamoylbenzyl)  Salicylamide Derivatives.  Spectrochim.

© 2019 by the authors. This article is an open access article distributed under the terms and
@ @ conditions of the Creative
(http://creativecommons.org/licenses/by/4.0/).

Acta A 2019, 214,
http://dx.doi.org/10.1016/j.5aa.2019.02.070.
18. Abdelsalam, H.; Teleb, N.H.; Yahia, I.S.; Zahran, H.Y;
Elhaes, H.; Ibrahim, M.A. First principles study of the
adsorption of hydrated heavy metals on graphene quantum dots.
J Phys. Chem. Solids 2019, 130, 32-40,
https://doi.org/10.1016/j.jpcs.2019.02.014.

19.Becke, A.D. Density-functional thermochemistry. III. The
role of exact exchange. The Journal of chemical physics 1993,
98, 5648-5652, https://doi.org/10.1063/1.464913.

20.Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-
Salvetti correlation-energy formula into a functional of the
electron density. Phys. Rev. B. 1988, 37, 785,
https://doi.org/10.1103/PhysRevB.37.785.

21. Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results
obtained with the correlation energy density functionals of becke
and Lee, Yang and Parr. Chem. Phys. Lett. 1989, 157, 200,
https://doi.org/10.1016/0009-2614(89)87234-3.

22.Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseri, G.E;
Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.
Mennucci Petersson, B.G.A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, P.H.; lzmaylov, A.F.; Bloino, J.; Zheng, G.;
Sonnenberg, J.L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Vreven, T.; Montgomery, J.A.; Jr. Peralta, J.E.;
Ogliaro, F.; Bearpark, M.; Heyd, J.J.; Brothers, E.; Kudin, K.N.;
Staroverov, V.N.; Keith, T.; Kobayashi, R.; Normand, J.;
Raghavachari, K.; Rendell, A.; Burant, J.C.; lyengar, S.S.;
Tomasi, J.; Cossi, M.; Rega, N.; Millam, J.M.; Klene, M.; Knox,
J.E.; Cross, J.B.; Bakken, V.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R.E.; Yazyev, O.; Austin, AJ.;
Cammi, R.; Pomelli, C.; Ochterski, JW.; Martin, R.L,;
Morokuma, K.; Zakrzewski, V.G.; Voth, G.A.; Salvador, P.;
Dannenberg, J.J.; Dapprich, S.; Daniels, A.D.; Farkas, O.;
Foresman, J.B.; Ortiz, J.V.; Cioslowski, J.; Fox, D.J. Gaussian,
Inc., Gaussian 09, Revision C.01.Wallingford CT, 2010.

23. Ibrahim, M.; El-Haes, H. Computational spectroscopic study
of copper, cadmium, lead and zinc interactions in the
environment. Int. J. Environ. Pollut. 2005, 23, 417-424,
https://dx.doi.org/10.1504/1JEP.2005.007604.

24. Ibrahim, M.; Mahmoud, A.A. Computational Notes on the
Reactivity of some Functional Groups. J. Comput. Theor.
Nanosci. 2009, 6, 1523-1526,
https://doi.org/10.1166/jctn.2009.1205.

25. Politzer, P.; Laurence, P.R.; Jayasuriya, K. Molecular
electrostatic potentials: an effective tool for the elucidation of
biochemical phenomena. Environ. Health Persp. 1985, 61, 191-
202, https://doi.org/10.1289/ehp.8561191.

26. Politzer, P.; Murray, J.S. Molecular Electrostatic Potentials:
Concepts and Applications. J. Theor. Comput. Chem. 1996, 3,
649.

27.Sahin, Z.S.; Sendz, H.l.; Tezcan, H.; Biyukglngor, O.
Synthesis, spectral analysis, structural elucidation and quantum
chemical studies of (E)-methyl-4-[(2-
phenylhydrazono)methyl]benzoate. Spectrochim. Acta A 2015,
143, 91-100, https://doi.org/10.1016/j.saa.2015.02.032.

476-486,

Commons Attribution (Cc BY) license

Page | 557


https://doi.org/10.1002/app.1995.070580915
https://doi.org/10.1016/j.actbio.2012.09.006
https://doi.org/10.1016/j.carbpol.2012.07.043
https://doi.org/10.1515/acph-2015-0005
https://doi.org/10.1515/acph-2015-0005
https://doi.org/10.1063/1.4995094
https://doi.org/10.1016/j.msec.2018.04.050
https://doi.org/10.3933/APPLRHEOL-25-33979
https://doi.org/10.1166/jctn.2014.3583
https://doi.org/10.7324/JAPS.2018.81008
https://doi.org/10.1016/j.physe.2018.07.022
http://dx.doi.org/10.1016/j.saa.2019.02.070
https://doi.org/10.1016/j.jpcs.2019.02.014
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1016/0009-2614(89)87234-3
https://dx.doi.org/10.1504/IJEP.2005.007604
https://doi.org/10.1166/jctn.2009.1205
https://doi.org/10.1289/ehp.8561191
https://doi.org/10.1016/j.saa.2015.02.032

