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ABSTRACT

Metal oxides enhance the electronic properties of natural polymers. Accordingly, natural
polymers modified with metal oxides show potential application as cheap easily handled
sensors. Model molecules, which described the interaction cellulose (Cel), chitosan (Cs) and
sodium alginate (NaAlg) and ZnO and CuO are presented. Quantitative structure analysis
relationship (QSAR) parameters were calculated at PM6 for all structures. Thermodynamic
properties were also computed to demonstrate the effect of nanometal oxides on natural
polymer behaviour. Calculated data revealed that, Cel, Cs and NaAlg interacted with ZnO and
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CuO with noticeable enhancement in the electronic and thermal properties. CuO interacted
with Cel and Cs through oxygen atom while NaALg recorded non-significant changes. It is
concluded that the enhancement of Cel or Cs with MO produced new nanocomposite with
high electronic properties and thermal stability dedicated for applications as humidity sensor.

1. Introduction

Polymers that are the product of living organisms’
metabolic reactions classified as natural polymers
(NP). That kind of substance has been used for
numerous applications such as binders, drug delivery,
coatings and corrosion inhibitors (Umorena and
Eduokb 2016). NPs, which is also termed as biopoly-
mers, show growing concern according to their che-
mical, physical and biological properties. Many
researchers reported about NP, their reports include
chemical composition, macromolecular weights and
their basic molecular and electronic configurations,
as well as properties that govern the usage strategy
(Charles 2007; Lin et al. 2016; Sahariah and Mdasson
2017; El et al. 2018). Among the amazing properties of
NPs such as easy handling, abundant and formation of
unique hydrogen bondingenhanced NPs show good
surface-forming interaction with other molecules
(Jiang et al. 2016; Kazi and Yamamoto, 2019).
Accordingly, NPs turned out to be a promising
materials to be used for new different fields (Rioux
et al. 2007; Gomez et al. 2009; Wang et al. 2019). NP
nanocomposite matrixes also provide desirable efficiency
for integrating the advantages of both organic and inor-
ganic materials into field of electronic devices (Arena
et al. 2017; Crawford et al. 1981). Polymer nanocompo-
sites became a promising material for various applica-
tions such as sensors, microelectronic manufacturing,
coatings, optical integrated circuits and adhesives

(Hashim et al. 2019; Yu et al. 2019). Furthermore, poly-
mer nanocomposites were applied also for applications
as fuel cell capacitors, self-regulating heaters and actua-
tors (Dufresne 2008, 2013; Saboktakin et al. 2011; Ashrafi
and Azadi 2015; Ibrahim et al. 2019a). Hybridisation of
Cel/ZnO nanocomposite has a new property for UV
sensing (Mun et al. 2017; Laffleur and Rottges, 2019).
In addition, Cel-based nanocomposites provide potential
exciting uses as renewable electronic products (Lefatshe
et al. 2017; He et al. 2018). Moreover, BaSO4/Cel nano-
composite membrane represented a novel X-ray shield-
ing (Jianga et al. 2019).

As well, Cs nanometallic oxide matrix is one of the
least used components for electrical applications
according to enhancing mechanical, the dielectric prop-
erties and thermal stability (Marroquin et al. 2013;
Khalid et al. 2017; Vanitjinda et al. 2019; Ibrahim et al.
2019b). The result of Cs/ZnO nano composite film
indicates that the values of conductivity and dielectric
constant were improved after the introduction of ZnO.
(Rahman et al. 2018; Lefebvre and Gray, 2005).
Similarly, NaAlg biopolymer nanocomposite with
metal oxides was utilised in various applications as
corrosion inhibitor and high-capacity Li-Ion batteries
(Kovalenko et al. 2011; Jmiai et al. 2018; Updegraff,
1969). NP molecular modelling offers a technique to
follow wup electronic properties of NP. Such
techniques with different levels of theories were applied
to investigate different NP (Ibrahim and Mahmoud
2009; Ibrahim et al. 2011; Omar et al. 2021). In this
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Figure 1. Caculated PM6 semiempirical quantum mechanical models for the following structures (a) Cel, (b) Cel/ZnO, (c) Cel/OZn

(d) Cel/Cu0 and (e) Cel/OCu.

sense, QSAR is a theoretical approach in which the
active molecules are evaluated and reactivity is con-
cerned. QSAR is a calculation that studies the relation-
ship of the chemical structure between both
physicochemical property and biological activity
(Hansch and Leo 1995; Welsh et al. 2007; Ibrahim and
Osman, 2009). QSAR is also a significant tool for mole-
cules, specifically those used in the chemical and biolo-
gical sciences and engineering. QSAR have many
structural, physical and chemical properties utilised
for calculations which so-called  descriptors.
Furthermore, there are several popular descriptors,

such as those representing the electronic effects inside
molecules, the results of lipophilicity (hydrophobicity)
(Elhaes et al. 2012; El-Sayed et al., 2018; Bayoumy et al.
2020).

It could be concluded that the NP could be mod-
ified for many applications among them applications
as sensors. Cellulose could be modified with CuO-
forming hybrid nanocomposites membranes then
applied for H,S gas detection at low temperatures
(Hittini et al. 2020).

Based on the above considerations, NP such as Cel,
Cs and NaAlg are modified with CuO and ZnO to
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Figure 2. Caculated PM6 semiempirical quantum mechanical models for the following structures (a) Cs

Cs/CuO and (e)Cs/OCu.

enhance their electronic properties. The scheme of
interaction is indicated with molecule modelling.
Then, QSAR calculations and thermodynamic proper-
ties were computed for all structures at PM6 level.
Based on electronic properties, the best structure is
tested as sensor for humidity.

2. Calculation details

Model structures were conducted for NP includ-
ing Cel, Cs and NaAlg modified with nanometal
oxides ZnO and CuO at PM6 level using
SCIGRESS 3.0 soft code that it is performed at
Spectroscopy Department, National Research

(©)

9

S
fff!
o v 3’

(e)

, (b) Cs/ZnO, (c) Cs/0Zn (d)

Centre, NRC. The electronic, QSAR, and thermo-
dynamics properties are computed for the opti-
mised structures also at the same level. Based on
the calculations, the Cs/CuO nanocomposite is
chosen to interact with 3 water molecules to test
it as humidity sensor.

3. Results and discussion
3.1. Building the model molecules

The first step in this study is to indicate how the model
molecules are built. The choices of NP were based on
their abundance, biodegradation, easy handling.
While metal oxide (MO) might enhance the natural



polymers’ electronic properties. Gathering both ideas
the surface of the NP/MO could be acted as asensor.
The mechanism of interaction between NP and MO is
tried through several model structures. So that, NP
interaction with nanometal oxides was considered
into three groups. The three groups that represent
this interaction are Cel group, Cs group and NaAlg
group with nano metal oxides as ZnO and CuO.
Nanometal oxides interaction with NP supposed
through the oxygen atom -O- which links the units
of polymer chain as adsorb state. Nanometal oxides
interacted through metal atom once and through the
oxygen atom once. NP groups Cel, Cs and NaAlg and
its nanometal oxides adsorption represented in
Figuresl, 2 and 3, respectively. The electronic,
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QSAR, and thermodynamics properties of all simu-
lated groups were computed at PM6 level.

3.2. QSAR calculations

The supposed three model groups were optimised
to reflect physical electronic and QSAR properties.
The outcome properties are listed in Table 1. These
properties were functionalised as charge, total
energy (TE), molecular orbital energy gap (AE),
total dipole moment (TDM) and ionisation poten-
tial (IP), Log P, molar refractivity (MR), surface
area and volume.

First, descriptor is charge were equal to zero for all
model molecules that all structures were in ground

(d)

Figure 3. Caculated PM6 semiempirical quantum mechanical models for the following structures (a) NaAlg, (b) NaAlg/ZnO, (c)

NaAlg/OZn (d) NaAlg/CuO and (e) NaAlg/OCu.
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Table 1. Calculated properties using semiempirical theory at PM6 level as Charge, Total Energy(ev), Dipole moment (Debye),
lonisation potential (eV) and Log P for the three groups of natural polymer with metal oxides:Cel, Cel/ZnO,Cel/OZn, Cel/CuO, Cel/
0OCu, Cs, Cs/Zn0O, Cs/0OZn, Cs/Cu0, Cs/0OCu, NaAlg, NaAlg/Zn0O, NaAlg/OZn, NaAlg/CuO and NaAlg/OCu.

Structure Charge TE AE TDM (Debye) IP(eV) Log P MR MW Surface Area Volume
(ev)
Cel 0 —5927.075 10.723 2.175 —-10.524 -2.977 68.337 342.296 300.63 257.36
Cel/Zn0O 0 —6289.463 6.338 2.793 -10.302 -3.328 69.780 423.705 349.35 297.5
Cel/OZn 0 —6281.369 6.279 1.771 -9.055 -3.328 69.780 423.705 337.42 297.53
Cel/Cu0 0 —7401.521 5.399 7.784 —-5.866 —3.328 69.780 421.842 316.25 282.13
Cel/OCu 0 —7239.899 7.389 11.767 -3.918 -3.328 69.780 421.842 335.17 282.33
Cs 0 —5776.180 10.218 3.877 —-9.806 —3.672 71.652 340.327 312.2 268.56
Cs/ZnO 0 —6140.246 6.583 2.998 -9.920 —4.023 73.095 421.735 349.49 302.87
Cs/OZn 0 -6131.391 6.287 4.968 -8.614 —4.023 73.095 421.735 350.89 308.61
Cs/Cu0 0 —7274.730 4.712 5911 —-6.729 —4.023 73.095 419.872 351.48 296.08
Cs/OCu 0 —7083.695 7.271 6.500 -6.779 —4.023 73.095 419.872 352.34 296.46
NaAlg 0 —-6332.076 8.916 9.202 -9.260 -2.536 66.216 414.227 284.76 251.56
NaAlg/ZnO 0 —6844.882 6.709 16.929 —-9.636 —2.887 67.659 495.636 332.42 286.52
NaAlg/OZn 0 —6859.850 7.725 6.863 —8.848 —2.887 67.659 495.636 340.52 29491
NaAlg/CuO 0 —7936.236 5.623 8.592 —6.308 —2.887 67.659 493.773 320.56 280.08
NaAlg/OCu 0 —7727.784 6.521 7.294 —6.062 —2.887 67.659 493.773 328.44 281.10
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Figure 4. PM6 calculated heat of formation (kcal/mol) as a function of temperature (K) of Cel and Cel/MO (b) Cs and Cs/MO (c)
NaAlg and NaAlg/MO.

state. After that, TE was computed for representing  nanometal oxide adsorption as decreasing for Cel/
the stability of the structures. When TE decreases the Zn0O, Cel/OZn, Cel/CuO and Cel/OCu to —6289.463,
structure classified as more stable compound. As men- ~ -6281.369, —7401.521 and —7239.899 eV, respectively,
tioned in table 1 TE for Cel group, TE for Cel was  that the lowest value of TE was for Cel/CuO which is
equal —5927.075 eV. Furthermore, TE changed with  the most stable structure in this group. For Cs group
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Figure 5. PM6 calculated Enthalpy (cal/mol/K) as a function of temperature (K) of (a) Cel and Cel/MO (b) Cs and Cs/MO (c) NaAlg

and NaAlg/MO.

also TE changed from -5776.180 eV to —6140.246,
-6131.391, -7274.730 and -7083.695 eV for Cs/ZnO,
Cs/OZn, Cs/CuO and Cs/OCu, respectively, which
means that Cs/CuO is the most stable structure in
this group according to the lowest value of TE.
Similarly, TE for NaAlg group changed that the lowest
value of TE and most stable structure was for NaAlg/
CuO that equal —7936.236 eV.

Second descriptor was the band gap energy AE that
when the band gap decreases the structure became
more reactive. For Cel group band gap AE for Cel
10.723 eV decreased when it interacted with nano
metal oxides that the lowest value was for Cel/CuO
5.399 eV. Also, Cs group band gap energy AE affected
by adding nano metal oxides that the lowest value was
for Cs/CuO 4.712 eV. Equally, NaAlg group band gap
energy AE decreased from 8.916 to 5.623 eV, respec-
tively, that the lowest value was for NaAlg/CuO.

Moreover, TDM is a descriptor, which
describes compound reactivity that the highest TDM,

the more reactive compound. Nano metal oxides
increase TDM for all studied natural polymer Cel, Cs
and NaALg, which means that reactivity increased for
NP/MO. These results indicated that MO effect on NP
electronic properties positively specially NP/CuO.

Other important QSAR descriptor is IP, which
characterises compound reactivity. IP defined as the
needed energy for compound to be ionised. The reac-
tivity of chemical compounds increases as IP value
decreases. From data interaction of ZnO with NP,
does not make a significant change in IP.

The descriptor, which describes hydrophilicity of
the chemical compound, is the logarithm of the parti-
tion coefficient (log P). log P represents the propor-
tional to the ratio of dissolving material in organic
solvent to that dissolving in aqueous solvents, thus,
positive Log P values apply to hydrophobic com-
pounds, and negative values suggest hydrophilic com-
pounds. For our group materials, all proposed
structures have negative log P that the compounds
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Figure 6. PM6 calculated Entropy (K cal/mol) as a function of temperature (K) of (a) Cel and Cel/MO (b) Cs and Cs/MO (c) NaAlg and

NaAlg/MO.

are hydrophilic (water soluble). Subjected NPs with
nano metal oxides are more hydrophilic than NP alone.

Surface area and volume are also geometrical QSAR
parameters. Additionally, MR is a descriptor measure
the overall polarisability of the mole of the material.
The bigger the structure’s molar refractivity, the
greater its reactivity. As mentioned in table 1 NP
with ZnO in the two different positions are more
reactive than CuO interaction.

3.3. Thermodynamic properties

Heat of formation, enthalpy, entropy, free energy and
heat capacity as thermal parameters were calculated
for all model groups using PM6 at temperature range
from 200 to 500 Kelvin. The calculated parameters are
important for describing the physical behaviour of
a system, in terms of its possible interaction with its
surrounding media in the presence of heat. They are
also indicators for a given chemical structure for its

ability, behaviour when it is subjected and/or
exchange heat with or from its surroundings.

The heat of formation is an important thermal
descriptor, which defined as the energy emitted as heat
as atoms situated at potentially infinite distances, bind
and create a molecule of interest. So far as the heat of
formation is concerned, it can be described as the shift in
the enthalpy following the production of one mole of
amaterial from its components in their normal and stable
states, under atmospheric standard conditions at a given
temperature. For the heat of formulation, for a given
product, it is known as the volume of heat formed or
absorbed into a single mole. Figure 4 characterises the
heat of formation as a function of temperature for the
three groups of NP/MO. For Cel group, heat of formation
for Cel/OZn is the lowest value that it needs small amount
of energy to be formed. On other hand, Cs group the
lowest heat of formation was for Cs and Cs/ZnO.
Similarly, NaAlg group has lowest heat of formation for
NaAlg/OZn.
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Figure 7. PM6 calculated Free energy (K cal/mol) as a function of temperature (K) of (a) Cel and Cel/MO (b) Cs and Cs/MO (c) NaAlg

and NaAlg/MO.

Enthalpy is another thermal parameter that is
a measurement of system’s total energy. Figure 5
represents the relation of enthalpy with temperature for
the studied models. For Cel group enthalpy of Cel/ZnO,
Cel/OZn and Cel/OCu increased and equalled to each
other. Also, Cs/OZn, Cs/ZnO and Cs/OCu enthalpy
increased rather than others. Then NaAlg/OZn and
NaAlg/ZnO are the highest values of group enthalpy.
Beside enthalpy of all structures, structures increase with
increasing temperature.

The entropy is then a function of the amount of
different forms in which the structure may be organised.
Figure 6 shows the entropy calculations for all model
structures that the entropy for all structures increases
with increase in temperature . Cel/ZnO, Cel/OZn and
Cel/OCu are higher in entropy than the others. Also, Cs/
OZn, Cs/ZnO and Cs/OCu are higher than Cs and Cs/
CuO, respectively. In case of NaAlg group, entropy of
NaAlg/OZn and NaAlg/ZnO are the highest.

The energy required in system to be effort to do work
defined as free energy. The structures free energy

calculations are shown in Figure 7. As shown, Cel group
free energy behaviour as free energy decreased as tempera-
ture increased while Cel/OZn was the highest values. Then,
Cs group recorded thesame behaviour of Cel group gen-
erally. But NaAlg group behaved differently, that free energy
of NaAlg/OZn, NaAlg and NaAlg/ZnO were decreased
with temperature increase while NaAlg/OCu free energy
increase with temperature and NaAlg/CuO has unstable
behaviour.

Other important thermal parameter is heat capacity,
which is proportional to the amount of energy needed to
raise its temperature by one degree. The heat capacity of
subjected model structures was introduced in Figure 8. The
lowest heat capacity for Cel group is Cel/CuO while the
lowest heat capacity for Cs group is Cs/CuO. NaAlg group
lowest value of heat capacity was for NaAlg/OCu.

4. NP/MO as humidity sensor

Correlating the studied physical as well as chemical
parameters, it is clear that the great change in the
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Figure 8. PM6 calculated heat capacity (cal/mol/K) as a function of temperature (K) of (a) Cel and Cel/MO (b) Cs and Cs/MO (c)

NaAlg and NaAlg/MO.

electronic properties was corresponding to Cs/CuO
composite. So that, the Cs/CuO composite was chosen
as sensing material based on their unique electronic
properties. In order to test it as sensor for humidity 3
water molecules are supposed to interact with Cs/CuO
surface as indicated in Figure 9. It is worth to mention
that, the processes of measuring and controlling
humidity are essential issue for numerous applications
(Manikandan et al. 2019). In the present work, the
sensing mechanism to detect humidity with Cs/CuO
depends on the change in the studied physical proper-
ties. It is stated earlier that the change in the total
dipole moment as well as HOMO/LUMO band gap
energy are good descriptors for reactivity of the stu-
died surface (Ibrahim and El-Haes 2005; Ibrahim and
Mahmoud 2009). So that, physical properties for
example total dipole moment will be calculated for
Cs/CuO before and after interaction with water mole-
cules. The change in the calculated physical properties
will be a measure for the ability of such surface to
detect humidity.

The interactions reveal that the total dipole
moment is increased from 5.911 to 6.959 Debye. This
is an indication that the studied polymer modified
with MO could act as sensor for humidity. The ther-
mal stability ensures that the existence of the MO in
the composite enhanced the stability of the structure.

5. Conclusion

The conducted structure of natural polymer (Cel, Cs and
NaAlg) interaction with some nanometal oxides ZnO
and CuO through the oxygen atom, which linked the
two unit with nanometal oxides once from oxygen atom
and other from metal atom (Zn,Cu) were studied to find
out the effect of nano MO on NP in enhancing electronic
and thermal properties. QSAR calculations and thermo-
dynamic property calculations indicated that PM6 could
describe the interaction stability of NP with MO accu-
rately. All result specified that NP (Cel, Cs and NaAlg)
interaction with MO (ZnO and CuO) could be occurred
and enhanced NP electronic properties and thermal
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(d)

Figure 9. PM6 calculated model structures for (a) Cs/Cu0.3H,0, (b) HOMO/LUMO orbital’s for Cs/Cu0.3H,0, (c,d) Mapping MESP

Cs/Cu0.3H,0.

properties. The most effective MO was CuO interacted
with Cel and Cs through oxygen atom while NaAlg
recorded non-significant changes. Accordingly, enhan-
cing Cel or Cs with MO produced new nanocomposite
with high electronic properties and thermal stability to be
used in various electronic and sensing applications.

Possible interaction between Cs/CuO and water
molecules as an application example indicated the
ability of Cs/CuO to act as humidity sensor.
Furthermore, it is indicated that the introduction of
MO to the NP is enhancing its ability to act as cheap
easily handled sensor for humidity. The presented
sensor is cheap, easily handled humidity sensor for
assessment for increasing the level of humidity. It is
worth to mention that humidity assessment is impor-
tant in space application also in cultural heritage
museums whereas increasing the level of humidity is
affecting the process and contents there.
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