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CCORDING to previous studies on moisture effect, it is stated that moisture enhances

the electronic properties of polymeric materials. A theoretical study based on density
functional theory calculations at B3LYP/3-21G* is performed for investigating the effect
of moisture on sodium carboxymethyl cellulose (Na-CMC) as monomer, dimer, trimer and
emeraldine base. Results indicated that due to moisture, TDM is increased while HOMO/
LUMO band gap energy is decreased for the four proposed structures for Na-CMC. All results
indicated that there is a change occurring in the electronic properties as a result of moisture.
Furthermore, as a result of increasing the degree of polymerization, the total dipole moment
(TDM) of Na-CMC is increased and equals 7.7141, 28.0388, 24.0199 and 38.3464 Debye
for monomer Na-CMC, dimer Na-CMC, trimer Na-CMC and emeraldine base Na-CMC
respectively. However, the highest occupied and the lowest unoccupied energy gap (HOMO/
LUMO band gap energy) decreased and equals 0.9040, 0.3448, 0.1241 and 0.9021 eV for
the same sequence. Additionally, the results of ESP study of all model molecules are in good
agreement with the results of TDM and HOMO/LUMO band gap energy.

Keywords: B3LYP/3-21G*; Na-CMC; TDM; HOMO/LUMO band gap energy and ESP.

Introduction

Cellulose derivative continued to be a topic of
research interest according to its abundant, easy
handling, biodegradation [1-3]. Carboxymethyl
cellulose which is termed CMC, is one of famous
examples of cellulose derivatives. Even it is
considered as the most used cellulose derivatives
in the industry. CMC, is a white-cream-colored
powder, found in many industries such as in food,
pharmaceutical, detergents and coatings. CMC
shows an important application in the field of paper
or textile improvement as fibers [4-7]. It could be

described as anionic linear polymer whereas the
original H atom in cellulose hydroxyl group is
replaced by carboxymethyl substituent (-CH.,—~
COO-) [8]. CMC is strongly recommended as an
additive in many commodity products according
to its non-toxicity, high water solubility as well as
the outstanding light and thermal stability [9]. As
far as alkali is interacted with cellulose in aqueous
NaOH with monochloro acetic acid or its sodium
salt, CMCs with different degree of substitution
(generally in the range 0.5-1.4 for commercial
products) could be prepared [10].
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To produce cost effective CMC, there are
several attempts to find out alternatives for cotton,
such alternatives include lignocellulosic biomasses
which is rich in cellulose [11-12]. Attempts are
also continued in this trend to produce CMC from
cellulose rich materials including aquatic pants
and sugar as well as many agricultural residues
[13-15]. Accordingly, understanding the structural
and electronic properties of CMC is an impotent
step toward further application of such important
derivative. It is stated that, molecular modeling
show potential to study natural polymers as well
as many other emerging materials [16-19]. In this
sense molecular modeling at B3LYP/3-21G* level
is conducted to study the influence of moisture
on the electronic properties of monomer, dimer,
trimer and emeraldine base sodium carboxymethyl
cellulose.

Computational Details

The effect of moisture on sodium carboxymethyl
cellulose (Na-CMC) was studied using density
functional theory (DFT) calculations at B3LYP/3-
21G* [20-22]. Model molecules representing
Na-CMC and hydrated Na-CMC are exposed to
computations with GAUSSIANO9 [23] program
at Spectroscopy Department, National Research
Centre, Egypt. Total dipole moment (TDM) and
HOMO/LUMO band gap energy are included
in the performed computations using the same
theoretical procedure. Additional calculations such
as electrostatic potentials (ESP) are also performed
for all models as contour action.

Results and Discussion

The geometry optimization of Na-CMC
and Na-CMC-XH,O where X=1, 2, 3, 4 and 5
molecules was performed to see how the presence
of moisture affects the electronic properties of
Na-CMC. Different geometries of Na-CMC
are suggested where a large number of atoms
are optimized to form Na-CMC with different
degrees of polymerization, geometries and
shapes. The influence of moisture on the sodium
salt of carboxymethyl cellulose is studied at four
different shapes which are monomer, dimer,
trimer and emeraldine base. Model molecules
which represent 1Na-CMC and moisturized 1Na-
CMC, 2Na-CMC and moisturized 2Na-CMC,
3Na-CMC and moisturized 3Na-CMC and 4Na-
CMC and moisturized 4Na-CMC are shown in
Fig. 1, 2, 3 and 4 respectively.

Fig. 1(a), 2(a), 3(a) and 4(a) shows the
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optimized structures of Na-CMC as a monomer
(INa-CMC), dimer (2Na-CMC), trimer (3Na-
CMC) and emeraldine base (4Na-CMC) (which
means one unit, two units, three units and four
units of Na-CMC) respectively. It is necessary to
study both TDM and HOMO/LUMO energies in
order to study the influence of moisture on Na-
CMC as they give direct information about the
electronic properties and the behavior of electrons
of the studied models due to moisture.

The correlation between reactivity and physical
properties such as TDM and HOMO/LUMO band
gap energy are reported earlier [23-24]. Reactivity
increases directly with TDM and inversely with
HOMO/LUMO band gap. Accordingly both
values are calculated and reported as indicated in
Table 1.

Table 1 presents the change in TDM (as
Debye) and HOMO/LUMO band gap energies
(as eV) for monomer Na-CMC and hydrated 1Na-
CMC. The changes in both quantities are of most
considerable effect on the electronic properties.
As for INa-CMC, the values of TDM increases to
approximately to twice due to increasing moisture
level, but for energies of band gaps of 1Na-CMC
decreases strongly. As a result of optimization,
TDM of 1Na-CMC increased with moisture from
7.7141, 11.4010, 15.6974, 17.3795, 18.3347
and 20.4391 Debye for 1Na-CMC, 1Na-CMC-
1H,0, 1Na-CMC-2H,0, 1Na-CMC-3H,0, 1Na-
CMC-4H,0 and 1Na-CMC-5H,O respectively.
However, HOMO/LUMO band gap energy
of INA-CMCchanged as shown in Fig. 5 and
decreased from 0.9040 eV for INA-CMC to
0.6645, 0.2275, 0.3042, 0.3440 and 0.2068 ¢V
for, 1Na-CMC-1H,O, INa-CMC-2H,0, INa-
CMC-3H,0, INa-CMC-4H,0 and 1Na-CMC-
SH,O respectively.

For dimer Na-CMC that is for dimer Na-CMC,
the changes occurred in TDM as well as HOMO/
LUMO band gaps are presented in Table 2. TDM
value of 2Na-CMC is found to be larger than that
for INa-CMC and itis still increase with increasing
the amount of moisture. Whereas a consequence
of computations, TDM changed from 28.0388
Debye to 27.2369, 26.1905, 27.1086, 30.1295
and 34.2435 Debye for 2Na-CMC-1H,0, 2Na-
CMC-2H,0, 2Na-CMC-3H,0, 2Na-CMC-4H,0
and 2Na-CMC-5 H,O respectively. On the other
hand, HOMO/LUMO band gap energies also are
influenced and this is clear from Fig. 6. HOMO/
LUMO band gap energy of 2Na-CMC changed



THE INFLUENCE OF MOISTURE ON THE ELECTRONIC PROPERTIES OF MONOMER... 41

Fig. 1. B3LYP/3-21G* optimized model molecules for: a) INa-CMC; b) 1INa-CMC-1H,0O; ¢) 1Na-CMC-2H,0; d)
1Na-CMC-3H,0; ) 1INa-CMC-4H,0; and f) 1Na-CMC-5H,0.

from 0.3448 eV t0 0.6950, 0.2917, 0.2857, 0.2610
and 0.4762 eV for 2Na-CMC-1 H,0O, 2Na-CMC-2
H,0, 2Na-CMC-3H,0, 2Na-CMC-4 HO and
2Na-CMC-5 H, 0O respectively.

Similarly for trimer Na-CMC, TDM increases
with increasing number of water molecules where
it increases from 24.0199 Debye to 24.2442,
33.1871, 33.1868, 33.6315 and 34.2315 Debye
which corresponding to 3Na-CMC-1H,0, 3Na-

CMC-2H,0, 3Na-CMC-3H,0, 3Na-CMC-4H,0
and 3Na-CMC-5H,O respectively. Meanwhile,
the band gap energy of 3Na-CMC changed as
shown in Fig. 7 from 0.1241 eV t0 0.1244,0.1195,
0.1195, 0.1195 and 0.1197 eV for 3Na-CMC-
1H,0, 3Na-CMC-2H,0, 3Na-CMC-3H,0, 3Na-
CMC-4H,0 and 3Na-CMC-5H,O respectively.
It is evidence that the increase in TDM and the
decrease in HOMO/LUMO band gap energy
values for trimer Na-CMC is slightly small and
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(d)

(e)

Fig. 2. B3LYP/3-21G* optimized model molecules for: a) 2Na-CMC; b) 2Na-CMC- 1H,0; ¢) 2Na-CMC-2H,0; d)

2Na-CMC-3H,0; e) 2Na-CMC-4H,0O; and f) 2Na-CMC-5H,0.
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Fig. 3. B3LYP/3-21G* optimized model molecules for: a) 3Na-CMC; b) 3Na-CMC-1H,0; ¢) 3Na-CMC-2H,0; d)
3Na-CMC-3H,0; e) 3Na-CMC-4H,0; and f) 3Na-CMC-5H,0.
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Fig. 4. B3LYP/3-21G* optimized model molecules for: a) 4Na-CMC; b) 4Na-CMC-1H,0O; ¢) 4Na-CMC- 2H,0; d)
4Na-CMC-3H,0; e) 4Na-CMC-4H,0; and f) 4dNa-CMC-5H, 0.

Egypt.J.Chem. Special Issue (2019)



THE INFLUENCE OF MOISTURE ON THE ELECTRONIC PROPERTIES OF MONOMER... 45

TABLE 1. B3LYP/3-21G* calculated total dipole moment (TDM) as Debye; HOMO-LUMO band gap energy (AE)
as eV for INa-CMC and 1Na-CMC-XH,O where X=1, 2, 3, 4 and 5.

Structure TDM AE

INa-CMC 7.7141 0.9040
INa-CMC-1 H,0 11.4010 0.6645
INa-CMC-2 H,0 15.6974 0.2275
INa-CMC-3 H,0 17.3795 0.3042
INa-CMC-4 H,0 18.3347 0.3440
INa-CMC-5 H,0 20.4391 0.2068

TABLE 2. B3LYP/3-21G* calculated total dipole moment (TDM) as Debye; HOMO-LUMO band gap energy (AE)
as eV for 2Na-CMC and 2Na-CMC-XH,O where X=1, 2, 3, 4 and 5.

Structure TDM AE

2Na-CMC 28.0388 0.3448
2Na-CMC-1 H,0 27.2369 0.6950
2Na-CMC-2 H,O 26.1905 0.2917
2Na-CMC-3 H,0 27.1086 0.2857
2Na-CMC-4 H,0 30.1295 0.2610
2Na-CMC-5 H,0 34.2435 0.4762

they are considered approximately constant for
more than single water molecule.

Finally, foremarldine base Na-CMC, both
quantities TDM and HOMO/LUMO band gaps
respectively are affected by moisture and their
values changed as listed in Table 4 from 38.3464
Debye and 0.9021 eV to 49.1728, 50.6196,
50.1925, 31.2450 and 51.4272 Debye and to
0.1551, 0.1554, 0.1535, 0.4123 and 0.1535 eV
corresponding to 4Na-CMC, 4Na-CMC-1H,0,
4Na-CMC-2H,0, 4Na-CMC-3H,0, 4Na-CMC-
4H,0 and 4Na-CMC-5H,0 respectively. Also it
is evidence that, both TDM and HOMO/LUMO
band gap energies are exposed to an enhancement
in their values with increasing the number of
Na-CMC units. Fig. 8 indicates the decrease in
HOMO/LUMO bands due to moisturization. As
TDM of monomer Na-CMC which is 7.7141
Debye increases to 28.0388, 24.0199 and
38.3464 Debye with increasing the degree of
polymerization to 2Na-CMC, 3Na-CMC and
4Na-CMC respectively. However, HOMO/
LUMO band gap energy of 1Na-CMC decreased
from 0.9040 eV to 0.3448, 0.1241 and 0.9021

ev for 2Na-CMC, 3Na-CMC and 4Na-CMC
respectively.

Also it is clear that, the lowest band gap energy
obtained for monomer Na-CMC and emeraldine
base Na-CMC is obtained when Na-CMC in its
form is interacted with five water molecules but
for dimer and trimer Na-CMC the lowest band gap
energy obtained is obtained when the interacted
was done with four water molecules.

Another correlation between reactivity and
physical properties is indicated in terms the
molecular electrostatic potential as stated earlier
[25-27]. The ESP is mapped in this work as an
indicator for reactivity of the studied structures.

Besides all these results, also electrostatic
potentials (ESPs) are calculated for all models
under investigation using the same laws of
quantum mechanics. The importance of ESP
study lies in its ability to give more explanation
about the distribution of the charges of molecules
which illustrates how the studied structures
can interact with moisture. Fig. 9,10, 11 and 12
shows the calculated ESPs as contour for the

Egypt.J.Chem. Special Issue (2019)
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Fig. 5. B3LYP/3-21G* optimized HOMO/LUMO band gap energy for: a) 1Na-CMC; b) 1Na-CMC-1H,0; ¢) 1Na-
CMC-2H,0; d) 1Na-CMC-3H,0; ¢) INa-CMC-4H,O; and f) 1INa-CMC-5H,0.

Egypt.J.Chem. Special Issue (2019)
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(a) (b)
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Fig. 6. B3LYP/3-21G* optimized HOMO/LUMO band gap energy for: a) 2Na-CMC; b) 2Na-CMC-1H,O; c) 2Na-
CMC-2H,0; d) 2Na-CMC- 3H,0; ¢) 2Na-CMC- 4H,0; and f) 2Na-CMC-5H,0.
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Fig. 7. B3LYP/3-21G* optimized HOMO/LUMO band gap energy for: a) 3Na-CMC; b) 3Na-CMC-1H,O; ¢) 3Na-
CMC-2H,0:; d) 3Na-CMC- 3H,0; ¢) 3Na-CMC- 4H,0; and f) 3Na-CMC-5H,0.
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Fig. 8. B3LYP/3-21G* optimized HOMO/LUMO band gap energy for: a) 4Na-CMC; b) 4Na-CMC-1H,0O; c¢) 4Na-
CMC-2H,0; d) 4Na-CMC-3H,0; ¢) 4Na-CMC-4H,0; and f) 4Na-CMC-5H,0.
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TABLE 3. B3LYP/3-21G* calculated total dipole moment (TDM) as Debye; HOMO-LUMO band gap energy (AE)
as eVfor 3Na-CMC and 3Na-CMC-XH,O where X=1, 2, 3, 4 and 5.

Structure TDM AE

3 Na-CMC 24.0199 0.1241
3 Na-CMC-1H,0 24.2442 0.1244
3 Na-CMC-2H,0 33.1871 0.1195
3 Na-CMC-3H,0 33.1868 0.1195
3 Na-CMC-4H,0 33.6315 0.1195
3 Na-CMC-5H,0 34.2315 0.1197
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Fig. 9. B3LYP/3-21G* calculated ESP as contour for: a) INa-CMC; b) 1Na-CMC-1H,0; ¢) 1Na-CMC-2H,0; d) 1Na-
CMC-3H,0; e) INa-CMC-4H,0; and f) INa-CMC-5H,0.
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TABLE 4. B3LYP/3-21G* calculated total dipole moment (TDM) as Debye; HOMO-LUMO band gap energy (AE)
as eV for 4Na-CMC and 4Na-CMC-XH,O where X=1, 2, 3, 4 and 5.

Structure TDM AE
4 Na-CMC 38.3464 0.9021
4 Na-CMC-1H,0 49.1728 0.1551
4 Na-CMC-2H,0 50.6196 0.1554
4 Na-CMC-3H,0 50.1925 0.1535
4 Na-CMC-4H,0 31.2450 0.4123
4 Na-CMC-5H,0 51.4272 0.1535
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Fig. 10. B3LYP/3-21G* calculated ESP as contour for: a) 2Na-CMC; b) 2Na-CMC-1H,0; ¢) 2Na-CMC-2H,0; d)
2Na-CMC-3H,0; e) 2Na-CMC-4H,O; and f) 2Na-CMC-5H,0.
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Fig. 11. B3LYP/3-21G* calculated ESP as contour for: a) 3Na-CMC; b) 3Na-CMC-1H,0; ¢) 3Na-CMC- 2H,0; d)
3Na-CMC-3H,0; e) 3Na-CMC-4H,0; and f) 3Na-CMC-5H,0.
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Fig. 12. B3LYP/3-21G* calculated ESP as contour for: a) 4Na-CMC; b) 4Na-CMC-1H,0; ¢) 4Na-CMC-2H,0; d)
4Na-CMC-3H,0; e) 4Na-CMC- 4H,0; and f) 4Na-CMC-5H,0.

Egypt.J.Chem. Special Issue (2019)



54 RANIA BADRY et al.

four different geometries of Na-CMC and that
which are subjected to moisture. Where Fig. 9b
shows the calculated electrostatic potentials at
B3LYP/3-21G* basis set for a)INa-CMC, b)1Na-
CMC-1H,0,b)INa-CMC-2H,0,  b)I1Na-CMC-
3H,0, b)INa-CMC-4H,0 and b)1Na-CMC-5H,0
as contour view. Also Fig. 10 presents ESPs for
a)2Na-CMC,  b)2Na-CMC-1H,0,b)2Na-CMC-
2H,0, b)2Na-CMC-3H,0, b)2Na-CMC-4H,0
and b)2Na-CMC-5H,0. Similarly Fig. 11 and 12
presents the B3LYP/3-21G* calculated ESP for
a)3Na-CMC,b)3Na-CMC-1H,0,b)3Na-CMC-
2H,0, b)3Na-CMC-3H,0, b)3Na-CMC-4H,0,
b)3Na-CMC-5H,0 and for a)4Na-CMC, b)4Na-
CMC-1H,0,b)4Na-CMC-2H,0,  b)4Na-CMC-
3H,0, b)4Na-CMC-4H,0 and b)4Na-CMC-5H,0
respectively. ESPs can be expressed by following
mapped colors. The colors express the electro-
negativity level which decreases on going from
red to orange, yellow, green and blue. As shown
in the mentioned Fig. that, as a result of moisture
content, the red color increased around I1Na-
CMC, 2Na-CMC, 3Na-CMC and 4Na-CMC due
to moisture for all of the investigated individual
structures.

Also the electro-negativity of Na-CMC
increases with increasing the degree of
polymerization from 1Na-CMC to 2Na-CMC,
3Na-CMC and 4Na-CMC. Finally, all these
enhancements in the electro-negativity indicates
that their activity increases.

Conclusion

To depict the influence of moisture on the
four different shapes of Na-CMC, both the total
dipole moment (TDM) and HOMO/LUMO band
gap energy are calculated. As a result of moisture,
in all cases, the TDM of Na-CMC was increased
while HOMO/LUMO band gap energy decreased.
The highest value of TDM for monomer Na-CMC
is 20.4391 Debye and the lowest value of HOMO/
LUMO band gap energy is 0.2068 eV which are
for 1Na-CMC-5H,0. However, for dimer Na-
CMC the highest value of TDM is 30.1295 Debye
and the lowest value of HOMO/LUMO band gap
energy is 0.2610 eV which are for 2Na-CMC-
4H,0 but for trimer Na-CMC are 33.6315 Debye
and 0.1195 eV respectively for 3Na-CMC- 4H,0.
Finally, for emeraldine base the highest value of
TDM is 51.4272 Debye and the lowest value of
HOMO/LUMO band gap energy is 0.1535 eV
which are for 4Na-CMC-5H,0.Also the values
of TDM increases with increasing the degree of
polymerization whereas HOMO/LUMO band gap

Egypt.J.Chem. Special Issue (2019)

energy decreases. All these effects indicate that
the reactivity of the studied structures increases
and hence the electronic properties are enhanced
greatly. Furthermore, ESP results indicated that
the electronic properties are enhanced due to
moisture as the electron cloud increases.
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