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Optical properties
HCl doped-copolymer of ortho phenylene diamine and meta phenylene diamine was prepared by using
oxidative polymerization method with ferric chloride as an oxidizing agent in the existence of sodium
dedocyl sulphate as a soft template. The microporous structure thin films of hybrid copolymer/ZrO2

nanocomposite [copolymer/ZrO2]
NC were fabricated using a physical vapor deposition (PVD) method.

The effect of addition of zirconium oxide nanoparticles [ZrO2]NPs on the physical properties of the copoly-
mer was discussed in the light of crystallinity and optical properties. The average crystallite size of
[ZrO2]NPs is around 40 nm. The copolymer showed an absorbance of 1.18 at the wavelength (k)
374 nm, which increased to 1.26 at k = 440 nm after glycine addition, also increased to 1.53 at k = 486
nm after [ZrO2]NPs loading. Also, the significant changes in the absorption index and indirect/direct band-
gap of the copolymer have been detected. The materials Studio 7.0 program on TDDFT/DMol3 was used to
optimize the molecular structure and perform the frequency calculations for the crystal models and iso-
lated molecules. The DFT-Gaussian09W-vibration values are quite similar to the experimental data either
in the structure or in the optical properties. The improvements in optical properties were achieved and
revealed the possibility of using the hybrid nanocomposite films in the polymers solar cell application.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Metal oxide semiconductors have gotten a lot of consideration
as potential thin film transistor channel materials (TFTs). Because
the charge accumulated determines the field-induced current, uti-
lizing a high dielectric constant material as the gate dielectric,
which allows for a larger surface charge density at the semiconduc-
tor/dielectric interface, is a suitable strategy for attaining low-
voltage operation in TFT. To get around this hurdle, researchers
have looked into a variety of methods for making huge areal-
capacitance gate insulators [1–4]. Zirconium oxide (ZrO2) is a fasci-
nating semiconducting material with a broad bandgap that has
been extensively studied in attempt to understand its fundamental
properties in order to fabricate highly efficient devices [5–7]. As the
processing temperature rises, the bandgap of ZrO2 reduces, making
it more accommodating and thus suited for application-oriented
research. ZrO2 is characterized by a high melting point, high
mechanical and thermal resistance, a high dielectric constant, and
low electrical conductivity. ZrO2 is a great choice for chemical, opti-
cal, dielectric, and mechanical applications because of its chemical
stability, high hardness, and biocompatibility [8–11]. ZrO2 could be
useful in fuel cells [12], mirror protection coatings, and optoelec-
tronic devices [13]. Building-integrated photovoltaics (BIPV) tech-
nology has advanced significantly in the previous decade [14,15].

On the other hand, aromatic diamine conjugated polymers are
remarkable in that they have a wide range of properties, including
good electroactivity, flexible conductivity, attractive elec-
trochromic, and magnetic activity [16–18]. These properties are
unique due to their multifunctional architectures, which include
linear polyaminonaphthylamine, linear polyaminoaniline, and
polyphenazine or phenazine ladder units inside the polymer
chains. Polyphenylene diamines have thus been produced and
investigated for applications in electrocatalysis, electrochromic,
sensors, and electrode materials [19–22]. Due to the presence of
p -conjugated structure in conjugated polymers, these
polymers can be included in the characteristics of other
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polymers. The conjugated polymers have an alternate molecular
structure of single and double bonds throughout their chain, which
allows them to conduct depending on p bond delocalization. The
band-gap energy is reduced as a result of electron delocalization,
and the molecule’s ground state energy is reduced as a result. Con-
jugated polymers can be used in a wide range of applications. Var-
ious electronic devices made of conducting polymers have recently
been developed as an alternative for inorganic semiconducting
materials [23,24]. With different polymerization methods, media,
and conditions, the chemical structures, molecular weights, and
physical properties of the produced polyphenylene diamines vary
greatly. The creation of aromatic diamine polymers through oxida-
tion of one or both amino groups to generate a structure with an
open ring with substitution functional groups or a ladder structure
is the most recent advancement in this area [25]. The optoelec-
tronic properties of polyphenylene diamines, which are conducting
polymers, have piqued researchers’ curiosity. Inorganic semicon-
ductor complexes, such as polyphenylene diamines, have also been
the focus of much research in nanoscience and nanotechnology for
applications such as light-emitting transistors, polymer light-
emitting transistors, and polymer solar cells [26–28]. As original
carbon-based functional class polymers, polyphenylene diamines
improve a variety of qualities, including electrical and mechanical
capabilities. Because of the stretch-conjugation with the polymeric
backbone, they have a high conductivity [29]. ZrO2-(aniline (AN)
Fig. 1. a) Fabrication of hybrid polymer solar cell Au/n-[P(o-PDM + m-PDM)/ZrO
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and p-nitroaniline (PNAn) copolymer hybrid nanocomposite thin
film with energy bandgaps of 2.307 eV and 1.711 eV was fabricated
and the solar cell’s photovoltaic activity was explored. At light
intensities of 60 and 240 mW/cm2, the power conversion efficiency
ranged from 4.275 to 7.125 % [30].

In this work, the novel hybrid polymer nanocomposites of HCl
doped-copolymer of ortho phenylene diamine and meta phenylene
diamine/ZrO2 were prepared by PVD technique and characterized
using (XRD), (FTIR), and (SEM). HR-TEM and XRD were used to
investigate the shape and size of nanocomposites. These films are
investigated in terms of their optical, and electrical characteristics.
The aim is to improve band gap tenability, and optical properties to
expand the uses of hybrid nanocomposite in the semiconductor
sector.
Experimental tools and measurements

Raw materials

Except for ortho and meta phenylenediamine, all chemical
ingredients were used as obtained, with no further treatment.
Before usage, aniline was subjected to two distillations and stored
in a dark bottle. Aldrich provided meta phenylenediamine, ortho
phenylenediamine, sodium dodecyl sulphate, and hydrochloric
2]NC/p-Si/Al. b) Suggested scheme of synthesis [P(o-PDM + m-PDM)/ZrO2]NC.



Table 1
List of analyses methods and equipment.

Analytical methods Types and models

FT-IR Perkin-Elmer FT-IR type 1650 spectrophotometer.
Raman spectra Nicolet iS50 FT-IR (Thermos Scientific) system

equipped with a He–Ne laser emitting
monochromatic red light at a power of 28 mW.

XRD A RIGAKUU Ultimo IV XRD / Cu Ka radiation
(k = 1.5418 Å)

Optical measurements Shimadzu UV-3600 UV–vis NIR spectrophotometer.
photoluminescence Hitachi F-7100 fluorescence spectrometer

equipped with a detector photomultiplier R928F.
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acid. Ferric chloride (anhydrous), dimethyl sulfoxide (DMSO), and
analytical grade ethanol were given by Shanghai chemicals. Merch
provided zinc acetate dihydride salts (Zn(CH3COO)2.2H2O) and
polyethylene glycol (PEG)-6000. SD Fine Chemicals Ltd. (Mumbai,
India) provided acetic acid with chemical pure quality. These com-
pounds were utilized without additional purification as received.
Synthesis of the copolymer

Under magnetic stirrer, 2.16 g ortho phenylene diamine and
2.16 g meta phenylene diamine were dissolved in 60 mL ethanol.
To the prior co-monomer’s solution, 5 mL (32% HCl) was added.
2.88 grams of sodium dodecyl sulphate surfactant were dissolved
in 150 milliliters of distilled water separately. In the co-
monomer’s solution, the surfactant solution was added. Drop by
drop, 160 mL FeCl3(0.5 M) solution was added to the co-
monomer’s solution for 2 hours at room temperature using a mag-
netic stirrer at 900 rpm. The resultant copolymer was left over-
night before being filtered and rinsed with distilled water
numerous times. The polymer was dried in a 70 �C oven.
Synthesis of the copolymer/ZrO2 nanocomposite

Using a magnetic stirrer, the needed volumes of the copolymer
were dissolved individually in 50 mL of dimethyl sulfoxide (DMSO)
for 1 hour at 80 �C until the copolymer was completely dissolved.
The hybrid polymer nanocomposites films (HPNCs) were synthe-
sized by mixing of the copolymer with [ZrO2]NPs fabricated utiliz-
ing sol–gel. This was performed using the equation [31]:

x wt:%ð Þ ¼ ðWZrO2=Wb þWZrO2 Þ � 100 ð1Þ
where WZrO2 and Wb are the weights of nanoparticles and

copolymer, correspondingly, with the [ZrO2]NPs concentrations set
at 2.5, 5.0, and 7.5% [32]. The HPNCs solutions were mixed at room
temperature for two hours to ensure homogeneous dispersion over
the NPs, then cast in Petri plates and dried for 20 hours at 40 �C.
The fabricated thin films (with thickness 100 ± 3 nm) were depos-
ited onto a p-Si wafer and ITO/glass substrate utilizing physical
vapor deposition (PVD technique) by using a UNIVEX 250 Leybold
(Germany). The thickness of film was computed by M � 2000 Ellip-
someter and found 100 ± 3 nm. From Fig. 1, the nano-spherical [P
(o-PDM + m-PDM)/ZrO2]NC derivatives thin films were fabricated
under at fix vacuum pressure [33]. The technique of PVD was used
to manufacture thin films of [P(o-PDM + m-PDM0/ZrO2]NC deriva-
tives on a p-Si wafer substrate (10 � 5 mm with 0.2 m thickness;
Front side), followed by deposition of the thin film on pure Au
(60 nm). The Al- electrode was produced with a thickness of
95 nm on the backside of the p-Si wafer substrate utilizing mag-
netron sputtering. The hybrid polymer solar cell Au/n-[P(o-PDM +
m-PDM)/ZrO2]NC /p-Si/Al was produced with a photoactive region
of 6.25 � 105 m2 [34].
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Computational study of P(o-PDM + m-PDM)/ZrO2]
NC as an isolated

molecule in the cell unit

The Materials Studio 7.0 program on TDDFT/DMol3 was used to
optimize the molecular structure and perform the frequency calcu-
lations for the crystal models and isolated molecules. The norm-
conserving pseudopotential generalized gradient approximation
at Perdew–Burke–Ernzerh of correlation functional, and the double
numerical plus polarization (DNP) basis set were completed for
isolated molecules in the gaseous state using TDDFT/DMol3

method [35]. The value of plane-wave cut-off energy was 830 eV,
and geometry properties were computed at the gamma point from
DMol3 frequency calculations with the GAUSSIAN 09 W software
program. After the task type was selected as optimization + fre
quency, the ground state option was employed, and then the
TDDFT default and the WBX97XD/6–311 G spin and basis set were
selected [36].
Characterization

Table 1 shows the instruments used to characterize the solution
and powder samples, as well as the fabricated [P(o-PDM + m-
PDM)]TF and [P(o-PDM + m-PDM)/ZrO2]NC.
Results and discussions

FTIR of P(o-PDM + m-PDM) and [P(o-PDM + m-PDM)/ZrO2]
NC thin

films

Chemical changes in the polymer’s structure can be detected
using FTIR spectroscopy (Vertex 80v powder FT-IR spectrometer
(Bruker Optics, Germany). The experiment was carried out at room
temperature in the region of 450–4000 cm�1. The experimental
and computed IR spectrum of pristine copolymer and the compos-
ite, respectively, are shown in Fig. 2. The distinct bands shown at
1396, 3215, 890, and 766 cm�1 can be attributed to the hydroxide
group of the water molecule, which is associated to bending,
stretching, rocking, and wagging vibrations, as illustrated in the
spectrum. This shows that water molecules are present in the
copolymer [37,38]. Out of plane-bending vibrations (C–H) in ben-
zene backbones are responsible for the sharp bands that appeared
at 766 and 890 cm�1. Sharp band located at 3365 cm�1 for the neat
copolymer, this can be due to the existence of –NH2 group pending
through backbones of the copolymer. The neat copolymer has a
sharp band at 3365 cm�1, which could be attributed to the pres-
ence of the –NH2 group pending through the backbones of the
copolymer. The –NH stretching, vibration characteristic band
occurred at 3215 and 3288 cm�1 for neat copolymer and its com-
posite, respectively. This shift in wavenumber takes place for –NH
(ffi73 cm�1) can be attributed to the interaction between unoccu-
pied molecular orbitals (UMO) of ZrO2 nanoparticle and occupied
molecular orbitals (OMO) copolymer to formation nanocomposite.
The bands at 1625 cm�1 and 1516 cm�1 are indicative of quinonoid
and benzenoid stretching vibrations for neat copolymer, while in
the composite case the characteristics bands for quinonoid and
benzenoid structure were shifted 1666 cm�1 and 1553 cm�1. Shifts
were found to be + 41 cm�1 and + 37 cm�1 for quinonoid and ben-
zenoid forms respectively. These shifts can be attributed to forma-
tion of physical bonds between zirconium oxide and copolymer via
quinonoid structure. The physical interaction of ZrO2 with the
copolymer forming the composite is responsible for this shift. On
the other hand, in the composite, new bands developed in addi-
tional bands at 454 and 494 cm�1. While these bands did not show
in the pristine copolymer, they are designed to (O = Zr = O) [39,40].
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Fig. 2. FTIR of the P(o-PDM + m-PDM) and [P(o-PDM + m-PDM)/ZrO2]NC thin films.
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Fig. 3. Raman spectra of the P(o-PDM + m-PDM) and [P(o-PDM + m-PDM)/ZrO2]NC.
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Raman spectra of P(o-PDM + m-PDM) and [P(o-PDM + m-PDM)/
ZrO2]

NC

The Raman spectrum of the copolymer and composite depicted
in Fig. 3 contains four major bands at approximately
(3000 � t � 3600), (2300 � t � 2650), (1000 � t � 1650), and
(300 � t � 900) cm�1, which correspond to the NH2 group stretch-
ing, appear only in composite due to (ZrO2-NH) stretching, double
bond in quinonoid and benzenoid structure stretching, and double
bond of metal (Zr) and Oxide bending modes, respectively [41]. In
comparison, the nanocomposite seen in Fig. 3 displays a strong,
strongly defined Raman spectra with distinct bands, which is typ-
ical of crystalline nanocomposite material. A study was conducted
to assess the precision with which the individual Raman band loca-
tions could be calculated. The results are shown in Fig. 3, where it
can be observed that measurements obtained at the same position
have very little dispersion, while appear new peak only in two
109
positions at range 2618 cm�1 and 341 cm�1 in nanocomposite. This
peak can attributed to the stretching of linked [ZrO2]NPs with
copolymer at –NH groups and double bond of Zr = O starching,
respectively.

Thermal analysis of the samples

In Fig. 4 (TGA, DrTGA and DTA), the thermogravimetric curves
of PoPDApT show many peaks with different temperatures
25 �C � T � 800 �C for the heating rate of 10 �C/min under nitrogen
atmosphere. From thermogravimetric data (TGA, DrTGA and DTA),
it can be noted that decomposition of the copolymer and the com-
posite appears in three main thermal stages. The first stage took
place in the range of 30–225 �C. While the mass loss 15.98% can
be attributed to the removal of (moisture, lattice, and coordinate)
water and HCl molecules which result from the decomposition of
the dopant emeraldine copolymer salt [15], the presence of water
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molecules was confirmed by FTIR analysis. The second stage
occurred in the range of 225 – 402 �C (DTG peak at 330 �C and
313 for copolymer and the composite respectively). The mass loss
20% corresponds to the thermo-oxidative decomposition of the
copolymer chains either in the copolymer or in the composite.
The third stage came about in the range of 403 – 690 �C (DTG peak
at 515 �C and 330 �C for the copolymer and composite respec-
tively); the decomposition of the remaining benzene rings
occurred in the third stage at mass loss 10% and 9% for the copoly-
mer and the composite, respectively.

The shoulder peak at 369 �C in the range 355 – 414 �C corre-
sponded to a weight loss of the remaining quinonoid ring in com-
posite matrix. This result indicated that the shoulder peak could be
attributed to the decomposition of quinonoid nanocomposite
groups. As shown in Fig. 4, the DTG curve has two well-
separated peaks in both copolymer and composite due to the
decomposition of the copolymer moieties that took place in the
second and third stages, respectively. Such observation indicates
that the decomposition was carried out through two steps with
DTA peaks.

Sem

In Fig. 5a, the flakes of individual copolymer [P(o-PDM + m-
PDM)] is seen in the SEM image. The evidence of the enhanced dis-
persion of [ZrO2]NPs in the [P(o-PDM + m-PDM)/ZrO2]NC nanocom-
posite matrix can be seen in the SEM images of Fig. 5 b, c and d. The
spherical shapes of zirconium oxide nanoparticles [ZrO2]NPs are
easily identified. [ZrO2]NPs are imbedded in the copolymers and it
is easy to discern one from the other.

Hrtem

Fig. 6 shows HRTEM image of the composite thin film at two dif-
ferent magnifications. As shown from the image, the copolymer
displayed ZrO2 embedded in the copolymer forming matrix or
the copolymer is surrounding of ZrO2. The image displayed a
sphere-shaped particle with less than 100 nm. Fig. 5 shows some
agglomeration between the ZrO2 in the composite thin film. This
agglomeration can be due to the high surface area of the ZrO2

nanoparticles.
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XRD analysis

The combined XRD patterns of [P(o-PDM + m-PDM)]TF and [P(o-
PDM + m-PDM)/ZrO2]NC as experimental part and [P(o-PDM + m-
PDM)] and [P(o-PDM + m-PDM)/ZrO2] as an isolated molecule
(Simulated part by using TD-DFT method) are displayed in Fig. 7
(a, b). The intermolecular interference between copolymer thin
film and nanocomposite chains may account for the strong peaks

at miller indices (hkl) at (110), (3
�
01) and (031) for copolymer is

shows in Fig. 7a. According to Ortéga et al. [42], the intermolecular
interference between copolymer chains may account for the strong

peaks at 110), (3
�

01) and (031). Reflection of the Orthorhombic
symmetry in the space group corresponds to Pbca(61). According
to database code amcsd 0016694, this corresponds to the actual
value of 2h, d-spacing and miller index (hkl) [43]. Another minor

peak appears at (hkl) equals to (010), (001), (1
�
30), (012Þ; ð21

�
1),

(102), and (2)2 4
�
to validate the crystal structure [P(o-PDM + m-

PDM)]TF which appears at in Fig. 7a. According to Calvo and Fag-
giani [44], the intermolecular interference between nanocomposite
chains may account for the strong peaks at (011) and (330) for
nanocomposite. Reflection of the Orthorhombic symmetry in the
space group corresponds to Pbca(61). According to database code
amcsd 0000435, this corresponds to the actual value of 2h, d-
spacing and miller index (hkl) [45]. Another minor peak appears

at (hkl) equals to (110), (201), (230), (1
�
2
�
3), (302), (134), (432)

and (4
�
04) to validate the crystal structure [P(o-PDM + m-PDM)/

ZrO2]NC which appears at in Fig. 7b. Table 2 demonstrated the crys-
tal device variance, hkl, d-spacing (d), as well as full-width at half-
maximum (FWHM) (b) of the crystalline structure of the manufac-
tured thin film. Fig. 7(a, b) prove that the copolymer and nanocom-
posites have polycrystalline structure with a Triclinic group unit cell
with the following characteristics a = 10(2) Å, b = 10(1) Å, c = 10 (1)
Å, a = b = c = 90�, and volume = 3000 (437) Å3. Table 2 indicates
that the average crystallite size (DAv) of the [P(o-PDM + m-
PDM)]TF and [P(o-PDM + m-PDM)/ZrO2]NC thin films are
26.21 nm and 56.80 nm, respectively. Because of the well-
established relationship between the average crystallite size and
the size distribution of a semiconducting material, its properties
have long been studied [46]. A wide dispersion spectrum in XRD



Fig. 5. SEM of a) [P(o-PDM + m-PDM)]TF flakes at 1l magnification and b, c and d) [P(o-PDM + m-PDM)/ZrO2]NC at three different magnifications (5l, 1l and 500 nm).

Fig. 6. HRTEM of the [P(o-PDM + m-PDM)/ZrO2]NC thin film.
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pattern are dependent especially susceptible to arrangements of
atom and crystallite size of particles in unit cell [47]. At 50 � 2h
� 450, the FWHM (b) and DAv were determined. The interplanar
distance (d-spacing) between the greatest diffraction peaks and
DAv by Debye–Scherrer is calculated using Bragg’s equation:
111
DAv ¼ 0:9 k=bcosh where (k = 0.154 nm), h is the matching 2h and
the b and FWHM (in radians) [48] are recorded in Table 2.

PXRD patterns of the polymorphs were calculated utilizing the
polymorph calculations approach in the material studio software
program (version 7.0). A 2� 2� 1 matrix was used to calculate



Fig. 7. Combined experimental and simulated PXRD patterns for a) P(o-PDM + m-PDM)TF b) [P(o-PDM + m-PDM)/ZrO2]NC, inset Figure is a 3D triclinic lattice type using
Polymorph computation method.
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the integrals over the Brillouin zone, as shown in the inset of Fig. 7
(polymorph [P(o-PDM + m-PDM)] and [P(o-PDM + m-PDM)/ZrO2]
as isolated molecules). There are slight changes in the intensities
and placements of certain peaks between the experimental and
calculated PXRD patterns; however, we will only concentrate on
the major areas of similarity between them in this section [49].
Microstructural aspects of powder samples may impact the exper-
imental PXRD pattern in addition to the features of instruments
and data collecting methods. This includes crystallite size, shape,
and orientation distribution. The observed and anticipated PXRD
patterns for both polymorphs match well when compared qualita-
tively, indicating that the synthesized materials’ PXRD patterns are
correct [50].
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Geometry study for P(o-PDM + m-PDM) and [P(o-PDM + m-PDM)/
ZrO2] as an isolated molecule

In the ground gaseous state, the most stable highest occupied
and lowest unoccupied molecular orbitals (HOMO and LUMO)
were determined using M062X/6–31 + G(d,p) computations, and
presented in Fig. 8. The difference in energy between the fragment
molecular orbitals theory (FMOs) determines the equilibrium state
of the molecule, which is important for determining the electrical
conductivity and grasping electricity transit. Isolated compounds
are stable if their entropy values are completely negative [51].
An aromatic compound electrophilic sites may be deduced using
the observed FMOs. When dimer molecule bonds (DMB) grew



Table 2
The computing results from the Refine Version 3.0 Software Program (Kurt Barthelme’s and Bob Downs) for P(o-PDM + m-PDM)TF b) [P(o-PDM + m-PDM)/ZrO2]NC.

Symmetry Experimental Calculated Difference FWHM DAv
Compound 2h d hkl 2h d 2h d Py(d) Cm(e) Py(d) Cm(e)

Nanocomposite 5.680 15.98 (001) 5.770 15.7 0.09 0.24 0.382 0.055 21.76 151.6
Orthorhombic Pbca(61) 8.850 10.17 (110) 8.630 10.4 �0.22 0.26 0.345 0.114 24.14 73.06
a = 10(2); b = 10(1), 17.73 5.041 (201) 17.83 5.01 0.10 0.03 0.322 0.171 26.10 49.15
and c = 10(1) nm 22.70 3.940 (230) 22.74 3.93 0.04 0.01 0.340 0.181 24.91 46.79
a = c = b = 90.0� 24.73 3.620 ð1

�
2
�
3) 24.73 3.62 0.01 0.00 0.336 0.122 25.30 69.68

V = 3000 (4); 25.81 3.470 (330) 25.76 3.48 �0.04 0.01 0.344 0.228 24.76 37.36
Rmse (a) = 0.0081060877 27.91 3.212 (302) 27.87 3.22 �0.03 0.00 0.304 0.228 28.15 37.53
k = 1.541838 Å(b) 28.94 3.099 (134) 28.94 3.10 �0.01 0.00 0.305 0.299 28.12 28.68
ME (c)= � 10.846 31.47 2.854 (432) 31.49 2.85 0.02 0.00 0.309 0.458 27.92 18.84

41.08 2.204 (4
�
04) 41.08 2.20 0.00 0.00 0.287 0.159 30.90 55.77

Average 26.21 56.80

(a) Root mean square error;
(b) nm,
(c) Machine error,
(d) Copolymer P(o-PDM + m-PDM)TF,
(e) Nanocomposite [P(o-PDM + m-PDM)/ZrO2]NC.

Fig. 8. TD-DFT computations using DMOl3 method for HOMO and LUMO calculations a) P(o-PDM +m-PDM) dimer as an isolated molecule b) the [P(o-PDM +m-PDM)/ZrO2]NC

dimer molecule.
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Table 3
Calculated EH , EL , global hardness (g), chemical potential (l), electronegativity (v), global softness (S), and global electrophilicity index (x), DNmax and r for P(o-PDM + m-PDM)
and [P(o-PDM + m-PDM)/ZrO2]NC as a dimer and an isolated molecule.

Compound EH EL DEOpt:g
v (eV) l (eV) g (eV) S (eV) x (eV) DNmax r(eV)-1 DEbð Þa

[1] �4.889 �2.099 �2.309 3.434 �3.434 1.475 0.339 3.998 2.329 0.678 12.956
Dimer �4.750 �1.816 �2.934 3.283 �3.283 1.467 0.341 3.674 2.238 0.682 -
[2] �4.401 �2.099 �2.302 3.250 �3.250 1.151 0.434 4.588 2.824 0.869 41.838
Dimer �4.381 �2.068 �2.313 3.225 �3.225 1.157 0.432 4.495 2.788 0.865 -

[1] = P(o-PDM + m-PDM) and [2] = [P(o-PDM + m-PDM)/ZrO2]NC and a) kcal/mol.

Table 4
The values of the nonlinear coefficient parameters (r1andr2) for [P(o-PDM + m-PDM)]TF and [P(o-PDM + m-PDM)/ZrO2]NC heterojunction diode.

Temp. (K) [P(o-PDM + m-PDM)]TF [P(o-PDM + m-PDM)/
ZrO2]NC

Activation Energy E0g (eV)

r1 r2 r1 r2

298 1.34 1.66 1.81 2.16 E0g P oPDMþmPDMð Þ½ �TF ¼ 2:646eV
328 1.28 1.53 1.78 2.93 E0g ½PðoPDMþmPDMÞ=ZrO2�NC ¼ 2:01eV
358 1.21 1.33 1.67 2.48
388 1.29 1.25 1.66 2.89
408 1.47 1.57 1.55 2.35

7.23 Å
 

Fig. 9. Stable structures for P(o-PDM + m-PDM) dimers in the gas phase, calculated with B3LYP/6–31 + G(d,p).
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Fig. 10. Stable structures for [P(o-PDM + m-PDM)/ZrO2]NC dimers in the gas phase, calculated with B3LYP/6–31 + G(d,p).
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and bond length reduced, the Gutmannat variance technique was
used on the DMB sites to enhance the HOMO energy (EH) [52].
These properties were determined by looking at the optimized
energy gap (EOpt

g Þ, as well as the reactivity and stability of the
molecular system. Softness and hardness are the most critical fac-
tors in determining the stability and responsiveness [40,53]. From
the calculated electronegativity equation.

ðvÞ ¼ ðEH þ ELÞ=2 ð2Þ
and the energy bandgap which explains the link between

charge transport in the molecule were demonstrated in Table 3.
Table 4..

The HOMO level is frequently found on the benzine ring of
copolymer (-C–C = C-) and benzine ring (-C–C = C-) and [ZrO2]NPs

of composite which are prime targets for nucleophilic attack. From
Figs. 8 and 9, we observed that HOMO energy of P(o-PDM + m-
PDM) and [P(o-PDM + m-PDM)/ZrO2]NC in gaseous state are
�4.889 eV and �4.401 eV (which is an extremely large value),
respectively. This value indicated that high excitation energies
and, high stability for P(o-PDM + m-PDM). On the other hand,
the lower value energy LUMO = -2.309 eV and �2.068 eV can be
attributed to the more polarizable and softer which concentrated
on quinonoid ring for P(o-PDM + m-PDM) and [P(o-PDM + m-
PDM)/ZrO2]NC in gaseous state, respectively. Because soft mole-
cules can supply electrons to an acceptor, they are referred to as
reactive molecules rather than hard molecules. The most intriguing
descriptor is the quantified compounds index electrophilicity (x).
As the device absorbs external electronic charges, it predicts
energy stability [54,55].

There were numerous conformers studied for the ground state
geometry in quantum-chemical calculations and the conformer
with the lowest energy was selected, which was validated by the
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harmonic vibrational frequency. The dimers binding energies were
adjusted for the basis set superposition error using the counter-
poise correction technique BSSE. The binding energies of P(o-
PDM + m-PDM) dimers and single molecules are �12890.84 and
�6438.942 kcal/mol, respectively [56]. On the other hand, the
binding energies of [P(o-PDM + m-PDM)/ZrO2]NC dimers and single
molecules are �13724.064 and �6882.951 kcal/mol, respectively.
Dimers binding energies (DEb) were assessed at the same level of
theory using the following formula:
DEb ¼ Edimer � 2Emonomer ð3Þ
TDDFT/DMOl3 method was done on the studied molecules and

their dimers to get a better understanding of the nature of inter-
molecular interactions [57]. Figs. 9 and 10 demonstrates the inter-
molecular interactions in the studied molecule, which include
hydrogen bonding, C–H. . .N, and C–H. . .N. The lengths of the
hydrogen bond are 2.86 Å and 3.09 Å for C–H. . .N, and C–H. . .N
for P(o-PDM + m-PDM) dimers, respectively. The lengths of coordi-
nation bonds are 2.449 Å and 2.364 Å between zirconium metal
and nitrogen (O = Zr---N-c) for two moieties of polymer for [P(o-
PDM + m-PDM)/ZrO2]NC. On the other hand, the centroid lengths
of the dimer are 5.53 and 7.32 Å for P(o-PDM + m-PDM) dimers,
which decreased to 3.69 and 5.34 Å for [P(o-PDM + m-PDM)/
ZrO2]NC. The intermolecular distance between the two dimers is
less than 3.50 Ả, preventing the rings of both molecules from tem-
rotating around the single bonds. Whereas the centroid length of
the dimer is more than 3.50 Å, the molecule rings rotate around
the centroid point [58]. The dihedral angles (H)of (C = N----H)
for the P(o-PDM + m-PDM) and [P(o-PDM + m-PDM)/ZrO2]NC

dimers isolated molecule are 102:75
� � H � 152:17

�
and

27:75
� � H � 108:149

�
, respectively.



Fig. 11. a) The absorbance spectra of experimental, TD-DFT calculations and 3D molecule for (o-PDM + m-PDM). b) The absorbance spectra of experimental, TD-DFT
calculations and 3D molecule for [P(o-PDM + m-PDM)/ZrO2]NC.
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Optical properties of [P(o-PDM + m-PDM)] and [P(o-PDM + m-PDM)/
ZrO2]

NC

Understanding the basic absorption edge in the UV region is
critical to our films transition and band structure. Fig. 11(a, b) indi-
cates the recorded experimental absorption spectra of the thin
films (o-PDM + m-PDM)TF and [P(o-PDM + m-PDM)/ZrO2]NC where
two bands at 528 and 587 nm as main peak, and 488 nm and 710
as minor peak were observed. As can be observed, absorption
reduces significantly as the UV wavelength increases. This drop
might be due to the observed decrease in the crystallinity of the
films in this condition [59]. The TD-DFT analysis was used to exam-
ine the theoretical optical response of (o-PDM + m-PDM) and [P(o-
PDM + m-PDM)/ZrO2]NC as an isolated molecule at 300 > k
(nm) > 900. The TD-DFT/CASTEP findings were used to compare
the absorption bands of the fabricated thin films with a thickness
of 100 ± 5 nm developed at 298 K is indicated in Fig. 11 (a, b).
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The theoretical and experimental photo-absorption spectrum
showed a main absorption at 528 nm for (o-PDM + m-PDM) and
578 nm for [P(o-PDM + m-PDM)/ZrO2]NC attributed to p–p* elec-
tronic transitions in phenylene diamine matric structure.

The indirect (EOpt:
Indir) and direct ðEOpt:

Dir Þ optical bandgaps of the film
were studied by means of the Tuac’s relation:

ðahmÞw ¼ bðhm� EOpt:
g Þ ð4Þ

where ðbÞ is a constant, ðhmÞ is the incident energy, and
ðw ¼ 0:5and2Þ for the indirect and direct allowed transitions,

respectively. ðEOpt:
g Þ is estimated from the straight portion of

ðahmÞ2 versus ðhm) plot at a ¼ 0, as shown in Fig. 12. As can be seen,

ðEOpt:
Dir Þ of (o-PDM + m-PDM) and [P(o-PDM + m-PDM)/ZrO2]NC thin

films are 2.29 and 1.98 eV, respectively. The change in ðEOpt:
g Þ can be

explained by the creation of charge transfer between functional



Fig. 12. The relationship of photon energy with electronic transitions for (o-PDM + m-PDM) and [P(o-PDM + m-PDM)/ZrO2]NC. Inset figure is a schematic diagram of
theoretical calculations of energy gap using TD-DFT/DMol3 method for the isolated molecule.
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groups of ðEOpt:
Dir Þ with the amide groups which was reported in pre-

vious work [60]. The energy gap between HOMO and LUMO
(DEOpt:

g ¼ EH � EL), electronic energy, dipole moment, and the max-
imum absorption wavelength (kabs) calculated in the gas phase
with M062X/6–31 + G(d,p) and experimental results are presented
in Fig. 12. DEOpt:

g between the two molecular orbitals in the gas
phase is comparable to that measured experimentally, which
accounts for the similarity in the estimated absorption spectra,
suggesting that the TD-DFT functional reproduces the experimen-
tal values more accurately [61,62].

When the experimental technique is compared to the theoreti-
cal method (GGA-PW91 functional) for the [P(o-PDM + m-PDM)/
ZrO2]NC moiety, a good agreement is found [63]. The relationship
between the extinction coefficient ‘‘k(k)” of the films and the
absorption (Abs.) spectra is as follows:
k ¼ ak=4p ð5Þ
The absorption coefficient ðaÞ ¼ Abs:=d where d is the film

thicknesses. As observed in Fig. 13, the [P(o-PDM + m-PDM)/
ZrO2]NC thin film exhibits the highest absorption value in most of
the considered wavelength range. This band is therefore character-
istic of [P(o-PDM + m-PDM)/ZrO2]NC thin film and is attributed to
the p–p* transitions generated by the unsaturated bonds [33]. On
comparing the experimental and TD-DFT/CASTEP simulated tech-
nique, a good similarity was obtained. On the other hand, the value
of k(k) less than the refractive index ‘‘n(k)” with a molar ratio equal
to nðkÞ=k kð Þ ¼ 9:5� 107. This result indicates that k(k) is the key
structural parameter controlling many canopy functions like radi-
ation and water interception, radiation extinction, and water and
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gas exchange [64]. The interception between refractive index n
(k) and extinction coefficient k(k) of [P(o-PDM + m-PDM)/ZrO2]NC

thin film gave the value of energy gap = 1.99 eV.
The frequency dependence of the optical dielectric constant is a

parameter that provides information about the electronic excita-
tions within the material. The real (eRe) and imaginary (eImag) parts
of the dielectric constant were determined by the following equa-
tions [65]:

e1 ¼ nðkÞ2 � kðkÞ2 ð6Þ
and.

e2 ¼ 2n kð Þk kð Þ ð7Þ
It is seen, from Fig. 14a, that with increasing photon energy, the

eRe and eImag values increase and then decrease at the higher values
of photon energy (hm ¼ 0eVand5eV). The maximum values of e1
and e2 are 2.93 and 5.56 � 10-8 at hm ¼ 1:8eVand2:20eV for the
[P(o-PDM + m-PDM)/ZrO2]NC thin film, respectively. Using the
CASTEP technique, the maximum value of e1(k) and e2 (k) in the
isolated state is ffi 1.80 at various frequencies (eV) ffi 0–5, as shown
in Fig. 14b. The average values of e1(k) and e2(k) derived from the
experimental and simulation dimensions fall between 1–5 eV in
frequency [66]. From the behavior of the simulated [P(o-
PDM + m-PDM)/ZrO2]NC as an isolated molecule in Fig. 10b, the
CASTEP/DFT calculations were utilized to assess e1(k) and e2(k)
and compared to the experimental values are close to those
achieved by TD-DFT with the CASTEP model.

The optical conductivity real r1(k) and imaginary r2ðkÞ parts
are calculated from [67]:

r1 xð Þ ¼ xe2e0 ð8Þ



Fig. 13. a) The refractive index n(k) and extinction coefficient k (k) of [P(o-PDM + m-PDM)/ZrO2]NC thin film. b) The simulated computation of (n) and (k) for [P(o-PDM + m-
PDM)/ZrO2]NC as isolated molecule by using CASTEP/DFT and inset Fig is lattice type: 3D Triclinic by using polymorph computation method.
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and.

r2 xð Þ ¼ xe1e0 ð9Þ
where the real part r1ðkÞ represents the in-phase current, while

the imaginary part r2ðkÞ represents the p=2 out-of-phase inductive
current, x is the angular frequency (x = 2pm), e0 is the free space
dielectric constant, e1ðkÞ is the real (normal) dielectric constant,
and e2ðkÞ is the imaginary (absorption associated with radiation
by free carrier) parts of the dielectric constants. e1ðkÞ and e2ðkÞ
are given by [68].

e1ðkÞ ¼ nðkÞ2 � kðkÞ2 ð10Þ
118
and.

e2ðkÞ ¼ 2nk ð11Þ
The dependence of r1ðkÞ and r2ðkÞ on the incident photon fre-

quency (hm) is displayed in Fig. 15. The values of the imaginary part
are larger than that of the real part of optical conductivity by a fac-
tor of r2ðkÞ=r1ðkÞ ¼ 7:65� 107. The values of r1ðkÞ and r2ðkÞ are
slightly increased with the photon energy increasing. At
hm ¼ 2:75 eV, the conductivity is nearly decrease with increase
the photon energy. After that, it increases sharply near the UV
region due to the strong interaction between the highly energetic
photons and the charge carriers of the material.



Fig. 14. a) The experimental eRe(k) & eImag(k) for [P(o-PDM + m-PDM)/ZrO2]NC thin film. (b) Simulated eRe(k) & eImag(k) for [P(o-PDM + m-PDM)/ZrO2]NC as an isolated state
using the CASTEP method. Inset Fig is lattice type: 3D Triclinic by using polymorph computation method.
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Photoluminescence behavior

The photophysical properties of the [P(o-PDM + m-PDM)]TF and
[P(o-PDM + m-PDM)/ZrO2]NC thin films were investigated, Fig. 16
(a, b). As seen in Fig. 16a, exciting the copolymer and nanocompos-
ite at 450 nm resulted in the emission at two main regions with
kmax = 477, and 536 nm. The thin film of [P(o-PDM + m-PDM)]TF

and [P(o-PDM + m-PDM)/ZrO2]NC showed emission spectra
(Fig. 16a) to give Commission Internationale de l’Eclairage (CIE)
chromaticity coordinates of (x, y) = (0.14, 0.16) and (0.18, 0.23),
respectively, producing blue-white color. When the excitation
spectra of the [P(o-PDM + m-PDM)]TF thin film is compared with
[P(o-PDM + m-PDM)/ZrO2]NC thin film, a considerable difference
can be seen, indicating that aggregation has a significant impact
on the excited state, and generated, red-shifted emission bands,
due to the creation of - interactions between the generated aggre-
119
gates, this is typical of copolymer and nanocomposite luminous
materials. To further confirm the aggregation-induced emission
(AIE) characteristic of the investigated copolymers and nanocom-
posite materials, the photoluminescence of the varied thin films
[P(o-PDM + m-PDM)]TF and [P(o-PDM + m-PDM)/ZrO2]NC with
the same thickness were investigated. The observed Stokes shifts.

D ¼ kEmission � kExcitation ð12Þ
was computed as ffi 17 nm and 27 nm, for [P(o-PDM + m-

PDM)]TF and [P(o-PDM + m-PDM)/ZrO2]NC, respectively. It is possi-
ble to compare the excitation and absorption spectra, and both
forms are mirror images of one another. Excitation spectra were
found to be somewhat redshifted in terms of wavelength when
compared to the absorption spectra. Both thin films emitted blue
light with a CIE value of y 0.3, which was similar to each other.
Therefore, the investigated made copolymer and nanocomposite



Fig. 15. (a) The experimental r1(k) and r2 (k) for [P(o-PDM + m-PDM)/ZrO2]NC thin film. (b) Simulated r1(k) and r2(k) as an isolated state using the CASTEP method.

M. Sh. Zoromba, H.A. Maddah, M.H. Abdel-Aziz et al. Journal of Industrial and Engineering Chemistry 112 (2022) 106–124
may be characterised as essential luminogens since they emit
white light from a [P(o-PDM +m-PDM)/ZrO2]NC and deep blue light
from their [P(o-PDM + m-PDM)]TF, respectively [69,70].

Electrical properties

The effect of [ZrO2]
NPs and heating on DC conductivity for [P(o-

PDM + m-PDM)]TF

The [ZrO2]NPs play a significant role in the creation of polymer
nanocomposites, which are crucial in the field of nanotechnology,
It is defined as the concentration of filler at which electrical con-
ductivity suddenly increases by several orders of magnitude, indi-
cating that percolation has occurred [71]. The homogeneous
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distribution of nanoparticles improves the electrical properties of
copolymer nanocomposites thin films. Due to the low interfacial
contact between [ZrO2]NPs and polymeric mixtures, as well as the
attraction between [ZrO2]NPs induced by the van der Waals force,
which leads [ZrO2]NPs to aggregate, obtaining such a distribution
is difficult [72]. SEM images indicated that the [ZrO2]NPs produced
in this research demonstrated uniform dispersion, which was con-
firmed by the results of the experiment. The direct conductivity
(rdc) value is shown as a function of temperature T(K) at a constant
voltage of 20 V. Charge transfer inside nanocomposite [P(o-
PDM + m-PDM)/ZrO2]NC thin film is enhanced by the interaction
of [P(o-PDM + m-PDM)]TF with [ZrO2]NPs. The rdc of [P(o-
PDM + m-PDM)]TF and [P(o-PDM + m-PDM)/ZrO2]NC thin films



Table 5
Au/[P(o-PDM + m-PDM)/ZrO2]NC /p-Si/Al /p-Si/Al nanocomposite device performances under different illumination intensities..Pin

Illumination powera ðVmÞb ðJmÞc ðVOC Þb ðJSC Þd Power FF (%) g (PCE)

60 19:75� 10�4 1:52� 10�4 91:61� 10�4 1:49� 10�4 30� 10�3 21.96 5.00

120 23:90� 10�4 2:80� 10�4 111:52� 10�4 1:60� 10�4 6:68� 10�3 37.43 5.57

240 49:98� 10�4 4:36� 10�4 185:41� 10�4 2:07� 10�4 2:18� 10�2 56.72 9.07

a= (W.cm�2), b = Volt, c= (mA.cm�2), and d= (mA.cm�2).

Fig. 16. (a, b) the normalized emission with wavelength and the CIE chromaticity diagrams of the emission colors obtained for [P(o-PDM + m-PDM)]TF and [P(o-PDM + m-
PDM)/ZrO2]NC.
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are 37.79 � 10-5 and 49.75 � 10-5 S m�1, respectively, which are
higher than the stated value for the free copolymer following E0

g

values (see Table 5).
By choosing the proper applied electrical field E(V), the [ZrO2]-

NPs may be oriented to reduce agglomeration and extend networks
from the negative electrode to the positive electrode. It is advised
that the following phases be followed while designing conducting
pathways: To begin, the [ZrO2]NPs are rotated to a certain angle
owing to the applied E(V), which forms a dipole moment at their
edges, aligning them in the direction of the applied E(V). As a con-
sequence of this attraction, the [ZrO2]NPs attract one another until
they come into direct touch, leading in the formation of three-
dimensional networks. [ZrO2]NPs migrate to and stick to the nega-
tive electrode in the final step. In conclusion, [ZrO2]NPs electronic
conductivity is the dominant source of ðrdcÞ in nanocomposite
films, while their ionic conductivity is insignificant. As seen in
Fig. 17, increasing T(K) (i.e., semiconducting characteristic) results
in an increase in charge transfer. Although no three-dimensional
networks are formed in the case of copolymers and at lower
[ZrO2]NPs ratios, the energy absorbed by charge carriers activates
them to overcome potential barriers [73]. On the other hand, heat-
ing will assist in the optimization of these routes by raising their
ðrdcÞ value as the [ZrO2]NPs content and network growth increase.
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The influence of applied potential difference (V) on the current (I)
At T = 298 K and the different illumination 60

� Illuminations � 375mW=cm�2, the potential bias (V) and loga-
rithms of -log (J) are demonstrated in Fig. 18. The nonlinear coeffi-
cient parameter (r) may come from the relationship [74].

I ¼ RVr ð13Þ
where R is the constant, and r is the slope of these curves. In (I-

V) curves, there are two distinct areas: the (r1) values for lower (V)
and the (r2) values for higher (V), with (r2) > (r1). The nonohmic
behaviour of the (I-V) characteristics of the studied films is con-
firmed by the values of (r1) and (r2), which are shown in Table 5
of the results. For Au/[P(o-PDM + m-PDM)/ZrO2]NC/p-Si/Al hetero-
junction diode, the nonlinear coefficient parameters are (r1) and
(r2), with the (r1) values being less than 2, while the values of
(r1) and (r2) rising when the temperature of Au/[P(o-PDM + m-P
DM)/ZrO2]NC/p-Si/Al heterojunction diode is increased. When
increasing T(K), the (r1) values are increased. On the other hand,
the (r2) values decrease as the temperature increases. In polymers,
the nonlinear coefficient parameters (r) are used to express the
conduction process. When (r ¼ 1), we have ohmic behaviour. In
this case, trap-free space charge incomplete dominates. The trap
charge mechanism is faulty if r is greater than 2. Traps become big-
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Fig. 18. -log (J) – (V) characteristics curves for Au/[P(o-PDM + m-PDM)/ZrO2]NC /p-
Si/Al heterojunction diode under dark with T = 298 K and the different illumination
60 � Illuminations � 375mW=Cm�2.

Fig. 17. The dependence of DC resistivity and conductivity of [P(o-PDM + m-PDM)]TF and [P(o-PDM + m-PDM)/ZrO2]NC thin films on temperature (1/T).
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ger or deeper as r increases. The higher the (V) value, the more
[ZrO2]NPs aggregation is likely to occur, which is undesirable and
a concern.

Photovoltaic properties of Au/[P(o-PDM + m-PDM)/ZrO2]
NC/p-Si/Al

heterojunction diode films
The photovoltaic properties of Au/[P(o-PDM + m-PDM)/ZrO2]NC

/p-Si/Al nanocomposite solar cell were performed under various
light intensities 60mW

cm2 � Pin � 240mW
cm2 . The current–voltage (I–V)

properties of the films are measured using a computerized Keithley
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2635A system source meter. A GPIB/USB cable was used to connect
it to the host computer. At zero voltage and zero current density,
the photovoltaic performance of the constructed solar cell was tab-
ulated in Table 6, which included the existence of current density
(Jsc) and voltage (Voc). ðJSCÞ and VOCð Þ levels increase as a result of
increasing light intensity.

There is an obvious photovoltaic response in the device made of
Au/[P(o-PDM + m-PDM)/ZrO2]NC/p-Si/Al heterojunction. Since it
displays rectified ðJ � VÞ characteristics (Fig. 18) with the same ori-
entation, but with substantially greater rectification degrees (i.e.,
ratios between forwarding and backward currents). By raising
the Jscð Þ in proportion to the light intensity using the following
equation:

Jsc ¼ APcin ð14Þ
where A is a constant. The correlation between the current den-

sity Jmð Þ and the voltage ðVmÞ is the power density (maximum
value PM). In Table 6, we computed and displayed the correspond-
ing current density and voltage. As the light intensity rises, the PM,
ðJmÞ, and ðVmÞ readings increase. The fill factor (FF) and efficiency of
the device’s power conversion (g) were then calculated using the
formula [75]:

ðFF ¼ VmJm=VOCJSCÞ ð15Þ
and.

ðg ¼ VOC � JSC=Pin � FF � 100Þ ð16Þ
Table 6 contains the values of FF and. Increased light intensity

enhances efficiency. Fill factors and efficiency were found to be
56.72% and 9.07%, respectively, at 240 mW/cm2. A substantial
polarization charge has been seen to cause a considerable shift in
the band structure along the interface of a hybrid nanocomposite,
as has been observed before. For the upward polarization state, the
photovoltaic effect, and the modification of band structure at the
Au/[P(o-PDM + m-PDM)/ZrO2]NC/p-Si interface are shown in
Fig. 19, as is the mechanism of the photovoltaic effect. In this situ-
ation, a downward band bending with built-in field (Ebi) may be
generated at the interface between the hybrid nanocomposite



Fig. 19. Schematic of the energy band diagrams and Mechanism of photovoltaic response for the Au/[P(o-PDM + m-PDM)]TF Or [P(o-PDM + m-PDM)/ZrO2]NC /p-Si/Al
heterostructure and the corresponding insets show the signs and directions of Voc and..Isc
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and the p-Si wafer, generating a positive photovoltage and a nega-
tive photocurrent, while a virtually flat band can develop at the
interface between /[P(o-PDM + m-PDM)/ZrO2]NC/p-Si.
Conclusion

Oxidative polymerization with ferric chloride as an oxidizing
agent has been proved to be a successful method to prepare ortho
phenylene diamine and meta phenylene diamine copolymer. Addi-
tion of glycine and ZrO2 nanoparticles to ortho phenylene diamine
and meta phenylene diamine copolymer can improve thermal sta-
bility and optical properties. The bandgap energy was decreased
from 2.29 and 1.98 eV due to the presence e of ZrO2 nanoparticles.
The interaction of [P(o-PDM + m-PDM)]TF with [ZrO2]NPs improves
charge transfer inside nanocomposite [P(o-PDM + m-PDM)]TF thin
films. The direct conductivity rdc of [P(o-PDM + m-PDM)]TF and [P
(o-PDM + m-PDM)/ZrO2]NC thin films are 37.79 � 10-5 and
49.75 � 10-5 S m�1, respectively. The stability of the copolymer
was proved by the extremely large negative value of HOMO, and
the ability to supply electrons is indicated by the negative value
of LUMO.

When two isolated molecules are attached (as polymerization
case) by hydrogen bond and p bonding in phenylene diamine moi-
ety, the lengths bond, centroid lengths, centroid angle and dihedral
angle will decrease to half results from the interaction between
Zr4+ and nitrogen atoms to form nanocomposite results from.

The prepared nanocomposite has a promising application in
photovoltaic device. A heterojunction made of Au/[P(o-PDM + m-
PDM)/ZrO2]NC/p-Si/Al had fill factors and power conversion effi-
ciency of 56.72% and 9.07%, respectively, at 240 mW/cm2.
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