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In present work, the new PEO/NiO/In,0; structures are designed to be
employed in various optical and electronic approaches. The structural, op-
tical, and electronic characteristics of new PEO/NiO/In,0; structures are
studied. The effect of increasing the number of atoms on the geometrical,
electrical, and spectral features of PEO/NiO/In,0, structures is investi-
gated using the Gaussian 0.9 software and Gaussian View 0.5, as well as
density functional theory (SDD basis set) for the geometrical, electronic,
and spectroscopic properties of PEO/NiO/In,O; (with 85 atoms). Improved
geometrical optimization is done for the geometrical features (bonds and
angles). In addition to spectrum qualities, electronic properties include
ionization potential, electron affinity, chemical hardness, chemical soft-
ness, electronegativity, total energy, energy gap, electrophilicity as well
as the IR and UV-visible spectra. When the number of atoms in the inves-
tigated structure is increased, it has a direct effect on all of its attrib-
utes. Finally, acquired results for the new PEO/NiO/In,0; structures show
that they can be used in a variety of modern applications.

V¥ 1miit po6ori HOBiI cTpyKTypu moiaiokcueruiaeH/NiO/In,0; (IIOE/NiO/In,05)
CTBOPEHO AJIA BUKOPUCTAHHA B Pi3HUX ONTUYHUX Ta €JIEKTPOHHUX MiAXOmaX.
JocaigsKeHO CTPYKTYpHi, ONTHYHI Ta €JeKTPOHHI XapaKTEPUCTUKU HOBUX
crpykTyp IIOE/NiO/In,0;. HocaimskeHo BIJIMB 30i/JbIIeHHA KiJIBKOCTH aTo-
MiB HA TEOMETPHUYHi, eJIeKTPUUHI Ta CIeKTpPaJbHi 0COOJIMBOCTI CTPYKTYD
IIOE/NiO/In,0; 3a momomoroio mporpamMHoro 3abesmeuenHsa Gaussian 0.9 i
Gaussian View 0.5, a Tako:k Teopii @yHKIioHany rycTuHu (3 0a3MCHUM Ha-
6opom SDD) 1 reoMeTPpUYHUX, €JIEKTPOHHUX i CIIEKTPOCKOIIIYHUX BJIACTU-
Boctreir IIOE/NiO/In,O5 (3 85 aromamu). Ilosxinimeny reomMeTpuuHy OITHUMi-
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3aIil0 BUKOHAHO AJIs TeOMeTPUYHUX 0COOJMBOCTEel — 3B A3KiB i KyTiB. Kpim
CIEeKTPaJIbHUX SIKOCTeH, eJeKTPOHHI BJIACTHMBOCTI BKJIIOUYAIOTH ITOTEHITiA
Monizarii, CIOpPiAHEHICTh eJIeKTPOHIiB, XeMiuHy TBEepAiCTh, XeMiuHy M -
KicTbh, eJIeKTPOHEeraTUBHICTH, IIOBHY €HEprilo, eHepreTUYHY IIiJINHY, eJIeKT-
podinbHiCTE, a TaKOMK CIEKTPU B iH(ppauepBOHOMY AisdNa30HiI Ta y BUINMO-
My # yabTpadiosieToBoMy AismasoHax csitTya. Koawm KinbKicTh aToMiB y moc-
JiMKyBaHIA CTPYKTYpi 30iabIyeThcd, Ie 6es3mocepelHbO BILIMBAE Ha Bei il
osnaku. Opepskani pesyabratu aiasa cTpyKTyp IIOE/NiO/In,O; mokasyioTs,
IIT0 BOHW MOXKYTH OYTHM BUKOPHCTAHI B PiBHUX CYyUYaCHUX 3aCTOCYBAHHAX.

Key words: poly(ethylene oxide), metal oxide, nanocomposites, optical
properties, electronic devices.
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1. INTRODUCTION

Polymer nanocomposites (PNCs) may be defined as a mixture of two
or more materials, where the matrix is a polymer and the dispersed
phase has at least one dimension smaller than 100 nm. In the last
decades, it has been observed that the addition of low contents of
these nanofillers into the polymer can lead to improvements in their
mechanical, thermal, barrier and flammability properties, without
affecting their processability. The ideal design of a nanocomposite
involves individual nanoparticles homogeneously dispersed in a ma-
trix polymer. The dispersion state of nanoparticles is the key chal-
lenge in order to obtain the full potential of properties enhance-
ment. This uniform dispersion of nanofillers can lead to a large in-
terfacial area between the constituents of the nanocomposites. The
reinforcing effect of filler is attributed to several factors, such as
properties of the polymer matrix, nature and type of nanofiller,
concentration of polymer and filler, particle aspect ratio, particle
size, particle orientation and particle distribution. Various types of
nanoparticles, such as clays, carbon nanotubes, graphene, nanocellu-
lose and halloysite, have been used to obtain nanocomposites with
different polymers [1].

Poly(ethylene oxide) is a hydrophilic, biodegradable and semi-
crystalline polymer with good biocompatibility and toughness [2].
PEO can be distinguished through its high thermal and chemical
stability, high viscosity, and non-ionic, heat formative, good water
solubility properties. PEO can also be identified through its floccu-
lent thickening sustained-release lubrication that disperses fibres
and retains water [3]. The properties of conducting polymer nano-
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composites depend mainly on the nature of the association between
inorganic and organic components.

Nickel oxide (NiO) is a p-type semiconductor with a variety of
applications in optical, electronic and magnetic devices and this is
because of the presence of Ni" and Ni"™ in the metal oxide [4]. The
introduction of NiO nanoparticles into the conjugated polymer
greatly enhances the charge storage capacity in comparison to the
parent polymer. This is mainly due to the morphology of the hybrid
system in which the specific surface area, particle size and size dis-
tributions are significantly modified by the incorporation of metal
nanoparticle [5].

Indium oxide (In,0;) is a technically very important transparent
conductive oxide (TCO) substance. In,O; is an n-type semiconductor
with energy gap in the range from 3.6 to 3.72 eV. The In,0; struc-
ture with crystalline form is b.c.c. (body-centred cubic) with a lat-
tice constant of 10.11 A [6].

This work aims to design of new PEO/NiO/In,0; structures to
employ in various optical and electronic approaches.

2. THEORETICAL PART

The HOMO (the highest energy occupied by electrons) and LUMO
(the lowest energy occupied by electrons) are the main properties in
arithmetic such as molecular interaction and molecular ability to
adsorb photon light. According to Koopmans’ theory, the band gap
is given by [7]:

Egap = ELUMO - EHOMO' (1)

The ionization potential (IP) is difference between the positive
energy E(+) and the neutral one E(n):

IP = E(+) - E(n). 2)

The electron affinity (EA) is given as a function of both the neu-
tral energy E(n) and the negative energy E(-):

EA=E(n)-E(-). 3)
The energies of the frontier orbitals are determined as

IP =-Eyomo, (4)
EA = _ELUMO' (5)

Chemical hardness (n) measures the extent of resistance to the
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transfer of charges. It is given as a function of electrons’ numbers
N and external potential V(r) [8]:

LR
2|on* |, "|anN| 2|aN ],
n=(P - EA)/2. (7)

Chemical softness (S) is a characteristic of molecules, which
measures the chemical reactivity degree. It is a converse of chemi-

cal hardness (n) [9]:
2
S = 1 = 0 ]\2] = oN . (8)
2n OE* |, ou |,

The chemical potential (K) u, defined as [10]:

K = [0E/oN],, (9)
where V is nuclei potential.
Then, we can determine the electronegativity using the relation-
ship [8]
X =-K = -[0E/oN], . (10)

It can be obtained by the average ionization energy and electron af-
finity [11]:

X = (IP + EA)/2. (11)

According to Koopmans’ theorem, ‘it is defined as the negative val-
ue for average of the energy levels of the HOMO and LUMO’ [12]:

X =—(Enomo + Ervmo)/ 2. 12)

It measures the energy stability, when the structure gets addi-
tional electron charges from the environment, defined as electro-
philic [13]:

o =x>/2n. (13)

The electric dipole polarizability is the measure of the linear re-
sponse of the electron density in the presence of an infinitesimal
electric field F, and it represents a second-order variation in energy
[14]. The polarizability is calculated by the following equation [15]:
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<0c> = (0, + 0, + oczz)/3 . (14)

3. RESULTS AND DISCUSSION

Density functional theory was used to simulate the relaxation of
structure for the new PEO/NiO/In,O; structures. Relaxation struc-
ture provided the bond length and angle between atoms.

Figure 1 represents geometrical model for the PEO/NiO/In,O,4
structures.

Table 1 presents the geometric characteristics of PEO/NiO/In,0,
structures (85 atoms) including the lengths of bonds in [A] and the

Fig. 1. Optimization of PEO/NiO/In,0; (85 atoms) structures.

TABLE 1. Optimized bonds’ lengths and optimized bonds’ angles for nano-
composites.

Values Optimization Linear
parameters
(C-C) 1.52475
(C-0) 1.45679
(Ni-0) 1.90727
Bonds, A (Ni-In) 2.72686
(In-0) 2.11013
(C-H) 1.10320
(H-C-H) 108.83735
Angles, deg. (C-0-C) 113.61651
(O—Ni-In) 109.85133




294 Huda Bukheet HASSAN, Hayder M. ABDULJALIL, and Ahmed HASHIM

angles of bonds in degrees using the DFT with B3SLYP/6-31G level
and the ‘Gaussian 09’ programs. The calculated bond values in this
study are in good agreement with earlier theoretically estimated
values [16—18].

The FTIR data are shown in Fig. 2 and Table 2. The interactions
are depicted by the FTIR spectra of structures. Differences in spec-
tra of PEO are caused by In,O;, which include differences in a shift
in many bonds and intensities.

The UV—-Vis spectra are shown in Fig. 3 and Fig. 4. The electrical
structure of the molecule determines the visible and ultraviolet
spectra. The absorption intensity of new PEO/NiO/In,0; structures
(85 atoms) has a greater UV—Vis spectrum, as shown in Figs. 3 and
4. As a result, absorption increases as the number of atoms grows.
This is due to electrons’ shifting from the valence level to the con-
duction band at these energies, resulting in an increase in absorp-
tion due to the increased number of charge carriers [6, 22—26].
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Fig. 2. IR spectra of new PEO/NiO/In,O; structures (85 atoms) by using
B3LYP/SDD basis set.

TABLE 2. IR frequencies of new PEO/NiO/In,05 structures.

Typical vibrational

. . . 4
Assignment | Vibrational-mode type | Frequency, cm frequency, cm !

C-0 Stretching 1002.08 1000-128 [19]
CH, In-plane bending 1352.80 1340-146 [19]
C-C Stretching and bending 1058.13 700-1600 [18]
C-H Symmetric stretching 3064.83 3020308 [19]
C-0-C Bending 1244.28 1238-129 [19]
Ni-O Stretching 469.88 457-600 [20]

In-O Stretching 469.18 441-583 [21]
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Fig. 3. UV—Vis spectrum for the PEO (85 atoms) by using BSLYP/6-31G.
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Fig. 4. UV—Vis spectrum for the new PEO/NiO/In,0, structures (85 atoms)
by using BSLYP/SDD.

TABLE 3. The values of HOMO, LUMO and energy gap in [eV] of new
PEO/NiO/In,0, structures.

Ribbon HOMO, eV LUMO, eV |Energy gap, eV
PEO -6.7995 1.2679 8.0674
PEO-NiO -3.9323 -1.3847 2.5476
PEO-NiO-In,0, -5.0972 -2.0641 3.0330

The energy gap for the new PEO/NiO/In,0, structures (85 atoms)
is shown in Table 3. The calculated energy gap diminishes as the
number of atoms increases, according to the data.

The energy gap reduces with adding the NiO and NiO—In,0;. This



296 Huda Bukheet HASSAN, Hayder M. ABDULJALIL, and Ahmed HASHIM

TABLE 4. Electronic-properties’ values of new PEO/NiO/In,0; structures.

Property | PEO New PEO/NiO/In,04 structures
Total energy (ET) -1692.8063 a.u. -2093.4601 a.u.
Ionization potential (/E) 6.7995 eV 5.0972493 eV
Electron affinity (EA) -1.2679 eV 2.0641 eV
Electronegativity (EN) 2.7658 eV 3.5806 eV
Chemical hardness (1) 4.0337eV 1.5165 eV
Chemical softness (S) 0.1239 eV 0.3297 eV
Chemical potential (K) -2.7658 eV -3.5806 eV
Electrophilicity (®) 0.94821 eV 4.2269 eV
Dipole moment (Debye) 1.6673 eV 8.3365 eV

TABLE 5. The calculated o
PEO/NiO/In,0, structures.

and its components for the new

ave

Polarizability, a.u.
Ol AU | a,,, a.u. | a,,, a.u. | Olypes .U
508.564 403.368 386.810 432.914

reduced energy gap indicates the presence of charge transfer com-
plexes due to the defect formations in the polymer matrix. These
defects create the localized levels in the energy gap [27-32].

Table 4 presents the results of the ET in [a.u.] and some electron-
ic properties of PEO and new PEO/NiO/In,0; structures calculated
at the same level of theory. These properties are also including IE,
EA, EN, n, o and dipole moment.

Table 5 shows the polarizability average o,, and its components
in [a.u.] of new PEO/NiO/In,0; structures.

Figure 5 show the three-dimensional distribution of HOMOs and
LUMOs in the nanocomposites examined.

4. CONCLUSIONS

The validity of the BSLYP level with SDD density functional theory
in investigating geometry optimization and calculating geometrical
parameters (bonds’ lengths and angles) was demonstrated.

FTIR studies show that there are no interactions between PEO-—
NiO and In,O; nanoparticles’ concentrations.

The optical absorbance of PEO-NiO nanocomposites increases
with the increase in In,O; nanoparticles’ concentration.

In addition, one of the most notable outcomes of this research
was the reduction of the energy gap. Because the HOMO and LUMO
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Fig. 5. The shape of HOMO (up) and LUMO (down) for the new
PEO/NiO/In,04 structures containing 85 atoms.

levels become progressively nearby, these nanocomposites are the
closest to semiconductors.

Because the ionization potential decreases with the addition of
nanoparticles to pure PEO, but the electronic affinity increases with
the addition of nanoparticles to pure PEO, all of the examined
nanocomposites require little energy to become cations.

The total ground state energy of the PEO has largest value of to-
tal energy in comparison with other nanocomposites, where ET is
decreased with addition nanoparticles to pure PEO.

The hardness decreases with addition nanoparticles to the pure
PEO; therefore, all the nanocomposites are softer, and this reduces
the resistance of species to lose electrons.

The obtained results indicated that the new PEO/NiO/In,O,
structures could be used for various modern applications.
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