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Polypyrrole (PPy) and Doping with TiO, and ZnO
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Abstract

Polypyrrole (PPy) is among the most widely used materials in many different sectors
due to its electrical, optical, and mechanical properties. This work presents a study of
pyrrole polymer structural and electronic properties pre- and post-doping with ZnO
and TiO,, which were investigated by performing computational calculations based
on density functional theory (DFT). Interpreting theoretical vibrational spectra and
finding important information about chemical bonds, functional groups, molecular
structures, natural bond orbitals (NBOs), the HOMO-LUMO energy gap, density of
states (DOS), and Nuclear magnetic resonance (NMR). The results exhibit functional
groups present for the three structures: N-H, O-H, and C-H. The frequency of N-H
increased after adding ZnO, and the frequency was greater when adding TiO,, while
the C-H stretching frequency showed a gradual increase consistent with the structures
studied. The theoretically calculated energy gap was (3.865 eV) for PPy and (3.2734
eV) for PPy/ZnO, while (3.3235 eV) belongs to PPy/TiO2. Furthermore, the natural
bond orbital analysis revealed that PPy/TiO2 had the highest energy among the three
compounds (45.14) kcal/mol, indicating a stronger interaction between the donor and
acceptor orbitals. The study found that the addition of TiO, and ZnO to (PPy)
contributed to significant improvements in electrical conductivity, thermal stability,
and electrochemical performance. This helps to improve applications in various
fields, such as sensors and supercapacitors.
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Low cost, high electrical conductivity, and thermal
stability are advantages of polypyrrole (PPy), and
it is also considered a valuable electrode material.
[1] Polypyrrole (PPy) is an organic polymer
exhibiting electrical and optical properties similar
to metals and inorganic semiconductors. [2-5]
Recently, (PPy) has been used in many different
applications, such as electronic devices, polymeric
light-
emitting diodes (LEDs), and water pollution
treatment. [6-8] (Luhakhra, and Tiwari 2022) The
addition of TiO, to PPy exhibits higher glass

batteries, sensors, photovoltaic devices,

transition and melting temperatures than pure PPy
polymer, which confirms the thermal stability. [9]
(Reddy et al.,, 2022) The addition of TiO,
nanoparticles also leads to changes in the surface
morphology of PPy and was confirmed by
scanning [10]
(Zenasni et al., 2024) ZnO-doped PPy also exhibits

high specific capacitance and energy density,

electron microscopy (SEM).

making it suitable for supercapacitor applications.
[11] (Wang et al. 2022) PPy/TiO, composites
exhibit enhanced photocurrent responses, making
them effective for ultraviolet photodetectors. [12]
(Anand  Patil 2022) The

zinc/titanium dioxide with polypyrrole (PPy) aims

integration  of

to enhance gas sensing capabilities by leveraging

the unique characteristics of these materials. [13]

Polypyrrole is a heterocyclic polymer with the
chemical formula H(C4H2NH)n. [14-15] It can be
easily electrochemical

synthesized  through

polymerization or oxidative polymerization.
Doped (PPy) has better mechanical properties,
which leads to its numerous applications in the
[16-17]

represents the geometric structure of (PPy). It has

field of biomedicine. Figure (1-a)
an electronic system that makes it important in
many fields and through it, electron donors and
electron acceptors are discovered. Charge transfer
(CT) interactions occur between electron donors
and acceptors which involve resonance with the
transfer of charges between the donor and acceptor
molecule. [18-19] Preparation of organic and
inorganic hybrid materials based on polymers and
using various transitional or non-transition metal
oxides to obtain attractive mechanical and physical
properties. [20-21] The electrical and optical
properties of PPy can be changed by introducing
electron-accepting groups into its chemical
structure. As well as introducing functional groups
into several sites on the pyrrole ring. These
modifications affect the structural composition,
including the transition energy, the width of the
energy gap,
radiation. [22-23] Figures (1-a, 1-b, and 1-c) show

the geometric structure of (PPy) doped with zinc

and the spectrum of absorbed

oxide and titanium dioxide, respectively.
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Figure (1): (a) polypyrrole (PPy), (b) PPy/ ZnO and (c) PPy/ TiO, using Gaussian view 06

2-Theory

Electronic structure calculations based on widely
accepted quantum mechanics are used in the
framework of density functional theory (DFT) to
study material structures and molecular properties,
as well as to study these properties at the atomic
level. [24-25] Geometric optimization of
polypyrrole before and after doping with titanium
dioxide and zinc oxide was carried out using
Gauss View 6.0 to draw the structure of the
molecules. Gaussian (09) program based on (DFT)
and B3LYP with 6-31G (d, p) basis set was utilized
to implement the optimization process. The DFT
method allows for the accurate computation of
mechanical properties to clarify the characteristics
of molecules and interactions and to perform
calculations before and after doping. Nuclear
magnetic resonance (NMR) was also studied, and
in addition, ultraviolet and IR spectra analyses
were taken into account. The electronic properties

were studied, including the molecular orbitals, i.e.,

To understand stability and molecule interactions,
one must know (HOMO), which is the orbital in
which electrons are most present, while (LUMO)
orbital in which electrons are least present.
Valuable intramolecular information, such as
electron delocalization and charge transfer, was
obtained through natural bond orbital (NBO)
analysis, as was the density of state (DOS). To
calculate the electronic absorption spectra, we
relied on the time-dependent DFT (TD-DFT)
method. In addition, the entropy and heat capacity
of the three structures were calculated. The
nmrdb.org software was used to plot and analyze

the NMR spectrum.

3. Results and discussion

3.1. Geometric optimization

The geometric optimization of the three
compounds under study is of great importance for
knowing the stability of the three structures, the

course of chemical reactions, and calculating
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spectra, molecular properties, and electronic between C-Ti and is due to the oxidation of
properties. [26-27] Table (1) shows that the length titanium and chemical reactions and is equal to
of the bonds undergoes a slight change in the three (2.3639), while the smallest bond was between N-
structures due to the presence of functional groups H and equal to (1.0033).

C-H, N-H, and O-H and that the longest bond was

Table (1): Bond length analyses of three structures using Gaussian (09)

Bond labels  Bond length (A) Bond length (A) Bond length (A)

1 C=C 1.4904 1.4758 1.4934
2 C-N 1.3444 1.3585 1.3452
3 C-C 1.3574 1.3705 1.3557
4 C-H 1.0737 1.0835 1.0742
5 C-N 1.4628 1.406 1.4634
6 N-H 1.0033 1.0115 1.0042
7 C=C 1.4778 1.4349 1.481
8 C-H 1.0723 1.0846 1.073
9 C-C 1.3529 1.3867 1.3498
10 Cc=C 1.4832 1.4234 1.481
11 C-N 1.4197 1.3954 1.4377
12 C-C 1.3543 1.4031 1.3535
13 C-H 1.0758 1.0803 1.076
14 C-N 1.4262 1.366 1.4392
15 N-H 1.001 1.0089 1.0115
16 C=C 1.4781 1.4438 1.4768
17 C-H 1.0759 1.0759 1.0769
18 C-C 1.3598 1.4116 1.3579
19 C=C 1.4781 1.4022 1.4765
20 C-N 1.4262 1.3806 1.4352
21 C-C 1.3543 1.4087 1.3557
22 C-H 1.0759 1.0808 1.0765
23 C-N 1.4197 1.3768 1.4273
24 N-H 1.001 1.0166 1.0105
25 C=C 1.4832 1.4789 1.4771
26 C-H 1.0758 1.0752 1.0745
27 C-C 1.3529 1.3744 1.36
28 C=C 1.4778 1.4409 1.4469
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29 C-N 1.4628 1.4144 1.4726

30 C-C 1.3574 1.3657 1.3839

31 C-H 1.0723 1.0841 1.0681

32 C-N 1.3444 1.3477 1.3153

33 N-H 1.0033 1.0133 1.0119

34 Cc=C 1.4904 1.4841 1.5497

35 C-H 1.0737 1.0836

36 Zn- O 1.9796

37 Zn-0O 1.9669

38 C-0 1.3683

39 C-0 1.3874

40 TiO 1.8991

41 TiO 1.9468

42 C-Ti 2.3639
O-H 1.054
O-H 0.9821

3.2 Vibrational assignments functional groups determined from the calculations

in the structures PPy, PPy/ZnO and PPy/TiO,,
Interpreting theoretical vibrational spectra and ] )

respectively, and the frequency of N-H increased
finding important information about chemical )

after adding ZnO, and the frequency was greater
bonds, functional groups, and molecular structures. ) ) ) )

when adding TiO,, while the C-H stretching
[28-29] The functional groups present for the three . .

frequency showed a gradual increase consistent
structures were: N-H, O-H, and C-H, which are ) ]

with the structures studied.
mentioned with their frequencies in Table (2). The

Table (2): The table shows the theoretical analysis of vibrations using Gaussian (09).

PPy PPy/ ZnO PPy / TiO,

N-H 3200 3534.017 3434.308

O-H 3609.067

C-H 2800.98 3251.012 2877.56
3.3 Ultraviolet (UV) analysis and percentage contribution through excitation-
To understand the electronic characteristics and type analysis. Table (3) shows the transition of
know the absorption behavior of the three electrons from the ground state to the excited state
structures in the ultraviolet region, the ultraviolet from Sy — S;, and So — S,, and the outputs
spectrum was analyzed. [30-31] The calculations showed that the highest wavelength was for (PPy /
included energy, wavelength, oscillator strength, TiO,) then (PPy /ZnO) and finally it was (PPy).
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From Table (3), the excitation energy gradually
decreases for the three structures, where the energy
is highest in (PPy) and decreases in the two
compounds PPy/ZnO and PPy/TiO,, respectively,
due to the interactions between PPy, ZnO, and
TiO,, which leads to an increase in interference
electronic states of the two

between the

compounds. As this table indicates, the wavelength

is shorter in PPy while it gradually increases in
ZnO and TiO,, it was also noted that the structure
has a higher oscillator strength in PPy than
PPy/ZnO and PPy/Tio,. The optimization was
So—S; and S¢—S,, showing the transition of
electrons from the ground state to a higher excited

state.

Table (3): UV analysis computed theoretically using Gaussian (09).

PPy So—S1 0.6935 1787.77

So—S; 0. 8009 1776.28
PPy / So—S1 0.4510 1488.02
ZnO

So—S; 0.5332 2250.18
PPy/ So—S: 0.3946 3141.77
TiO,

Si—S; 0.4697 2639.87
3.3 Molecular orbitals
The sensitivity, conductivity and electronic
properties were estimated by analyzing the

molecular orbitals of the structures under study. To
know the sensing capabilities of these structures,
Table (4) shows (HOMO) and (LUMO) energy,
and that the gap energy is equal to the energy
difference between HOMO and LUMO. When the
energy gap is small, it indicates an increase in the
high

chemical reactivity and low stability due to

value of conductivity and sensitivity,
electronic transfers. These values were close to the
experimental values in the literature. This may be

because the boundary conditions are neglected in

55—56(90.19) 0.7604 H—L
54—56(73.29) 0.4501 H-1-L
55—56(90.19) 0.3320 H—L
5456(38.25) 0.3169 H-1—L
55—56(84.31) 0.2006 H—L
54—56(54.88) 0.0769 H-1—L

theoretical calculations, and some studies have
shown that the difference between experimental
and calculated values. The theoretically calculated
band gaps were (3.865 e¢V) for PPy and (3.2734
eV) for PPy/ZnO, while (3.3235 eV) belongs to
PPy/TiO,. There is a great convergence between
[32-35]
Figure (2) represents the HOMO-LUMO and

experimental and theoretical values.

energy gap for three structures. The energy gap,

HOMO, and LUMO, which are regarded as
quantum descriptors in a variety of chemical and

biochemical systems, are used in many

applications.

Table (4): Energy gap analyses calculations using Gaussian (09)
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PPy -0.17988
PPy/ZnO -0.4312
PPy/TiO2 -0.17998
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Figure (2): Representation of the HOMO-LUMO of three structures using Gaussian view 06.

To obtain more parameters that provide additional

understanding of intermolecular interactions,
stability, and optical and electrical properties of the
structures, the Koopmans approximation was
utilized. Numerous indicators have been used, like
electronegativity (y), which displays the ability of
an atom or set of atoms to draw an electron.
Chemical hardness (1) expresses the resistance of
an atom or group of atoms to transferring charge.
As for (EA), it represents the measure of affinity

and acceptance of an electron to obtain additional

electrons from the systems around them. Chemical
softness (o) is the probability of an atom accepting
one or more electrons. The chemical system's
unexcited ionization potential (IP)was also
studied. [ 36- 38] These parameters explain the
electrical and optical properties in addition to
intermolecular interactions and stability. Table (5),
we note that these studied formulations showed a
pattern of sensitivity decreasing as follows:

PPy/ZnO > PPy > PPy /TiO,.

Table (5): HOMO - LUMO, analyses calculations using Gaussian (09).

PPy 0.17988 0.03784
PPy/ZnO  0.4312 0.3109
PPy/TiO,  0.17998 0.03784

0.10886  0.07102 -0.10886 | 7.13266
0.37105 | 0.06015 | -0.37105 | 8.31255
010891 0.08098 -010891 | 7.0353
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3.4 Natural bond orbital

Natural bond orbital (NBO) analysis is a way to
understand the nature of the orbital connection
between donor and acceptor in nanocomposites.
The molecular orbitals resulting from interactions
in molecules when a charge is transferred from the
full donor to the empty acceptor are explained
based on the natural bond orbital decomposition
(NBO). [39] Second-order perturbation theory is
important in estimating natural bond orbital (NBO)
energies. This technique helps in understanding
chemical bonding by simplifying the complex
Schrédinger equation. In table (6) one can see
donor (1) and acceptor (J) with transition second
order energy E2 and energy gap (Ei — Ej) and F is
the standard deviation. The tabulated results for all
compounds showed © — * interactions, where the
stability energies for PPy were 17.29 kcal/mol,
21.25 kcal/mol, 15.12 kcal/mol, 45.43 kcal/mol,

and 16.93 kcal/mol. The interaction energy

associated with the resonance of the electron donor
molecule to the electron acceptor for m C;- N3
—1* Cs- C g, 1 Cy; — Cy —>1* Cy - N 3 1Cs- Cyo
—7* Cy3- Cy7, Cyp1- Cyq —7* Nyg- Cyg respectively.
As PPy/ZnO, the
associated with resonance for charge transfer were
recorded at 28.61 kcal/mol, 20.85 kcal/mol, 13.87
kcal/mol, 21.35 kcal/mol, and 20.85 kcal/mol.

The electron donor molecule to the electron

for interaction energies

acceptor for 1 C; - C, »n* C; - Cy, 1 C - C5 —7*
Cs - Ca, 7 Nps- Cy7 —m* Cyo — C22, 7 Cy3 — Cpp —m*
indicating that these values are affected by the
presence of two ZnO. As for PPy/TiO,, the
energies associated with the resonance of electron
transitions were 45.14 kcal/mol, 28.43 kcal/mol,
27.04 kcal/mol, and 10.66 kcal/mol. For the next
transitions 1 C3- C4—n*, C3- Cq, 1 Cg — C; —ut* C4
— Ng, 1 Cyy — Ci5 »n* Cys -Nyg, andn Oz —*
Tisg, indicating that these values are affected by the

presence of two TiO,.

Table (6): Second-order perturbation theory analysis of the Fock matrix in NBO basis in PPy, PPy/ZnO
and PPy/TiO; using Gaussian (09)

C e e e

PPy Ci-N; T Cs-Cg
C,-C, T Ci-N3
Cis- Cao T Cus- Cy7
Cu-Cu ¥ Cos- Cyr
Cy-Cyy * Nag- Cag

PPy/ZnO C,-C, T C,-Cy
C,-Cs T Cs-Cq
CgsCy T Cs-Cq
Nas- Co7 T Cao—Ca
Co1-Cy T Cos-Cyr

PPy/Tio, Co1- Cy4 T Cos- Cyr

17.29 0.34 0.073
21.25 0.30 0.072
15.12 0.30 0.064
21.85 0.02 0.060

16.93 0.02 0.034
28.61 0.22 0.078
20.85 0.28 0.072
13.87 0.32 0.062
21.35 0.35 0.082
42.43 0.30 0.071
45.14 0.13 0.087
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Cs—Cy T Cr—Ng * 28.43 0.22 0.082
C14 — C15 T C14 'N15 * 27.04 0.22 0.081
035 T Ti38 ok 10.66 0.49 0.067
3.5 Density of States (DOS) Nitrogen (N) were carefully examined, in addition
] ) o to its related elements such as (O), (Zn), and (Ti).
The density of states (DOS) is of great significance . .
) ) ) o Fig. (3) exhibits the DOS of the three compounds.
in comprehending the electronic characteristics of . . .
) ) ) The properties, stability and electronic effect of
materials and knowing the available states of the
o ] these compounds come from many factors,
electron inside the atom for certain energy levels. . . ] ] ]
] including hydrogen bond interactions, which have
It can describe DOS as the number of electron . . ] N
) ) ) an effective role in the behavior and stability of the
states per unit volume per unit energy, which ) ) )
T compounds. Its use is attributed to many fields,
depends on energy. Atoms participating in the . . . . .
including drug design, catalysis, and materials
compound, such as carbon (C), hydrogen (H), and )
science. [40-41]
5] PRy/ZnQ,
: PPy
g 2]
B 5 Energy Gap S 3 ne Ga
z 2
: -
AN LA | AR . iHigE
-20 -15 -10 -5 o 5 10 -20 -10 0 10 20 30
Energy of Level (eV) Energy of Level (eV)
PPy/TiO:
4 4
& Energy Gap
g o
5
2 ]
&
(]
1 4
L
-10 [5 ‘IID 20 SID
Energy of Level (eV)

Figure (3): Indicates (DOS) for the three compounds using Gaussian view 06

3.6 Nuclear magnetic resonance (NMR)
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Nuclear magnetic resonance (NMR) spectroscopy
is the most widely used method to study molecular
structure and determine the molecule's interaction
with energy and the production of different energy
states. In addition to determining the functional
groups have different energy values for resonance
absorption, the number of protons representing
each signal, and the number of protons connected
to adjacent carbons, i.e. Spin-Spin splitting. Fig.
(4-a, 4-b, and 4-c) represent (NMR) of three
compounds. The energy axis is called ad
(delta) axis and the units are given in parts per
million (ppm) [42]. The nmrdb.org software was
used to plot and analyses the NMR spectrum [38].
Fig. (4-a) Signals were found at (1.5 - 2) ppm for

pure PPy, and these signals belong to the atoms.

(Nag, Cag, Hag, Haz, Hio, Hys, Co7, H3p, and Hys. The
second set of peaks was found at (3) ppm,
corresponding to C,g, Csp, C;, C,, Hys, Hy. The
peaks that appear at (3.5) include the following
atoms Cs, Cg, Cy7, Cy3, Cys, Cy1, Cs, and N3. As for
Fig. (4-b), which represents PPy/ZnO, *C NMR:
8- 56.6-56.6 (4C, 56.6 (s), 56.6 (s), 56.6 (s), 56.6
(s)), 71.7-71.8 (6C, 71.7 (s), 71.7 (s), 71.7 (s), 71.7
(s), 71.7 (s), 71.7 (s)), 73.9-74.0 (2C, 73.9 (s), 73.9
(s)), 123.8-123.8 (2C, 123.8 (s), 123.8 (s)), 133.6-
133.8 (2C, 133.7 (s), 133.7 (s)). Where 6 , where
(s) denotes a singlet. Fig. (4-c) shows NMR: &
71.7 (2C, s), 110.0-110.1 (6C, 110.1 (s), 110.1 (s),
110.1 (s)), 123.8 (2C, s), 133.6-133.8 (6C, 133.7
(s), 133.7 (s), 133.7 (s)).

[346
{EOE

{1846

6(ppm)

=100 pr—

g
=1 00—

&(ppm)
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(ppm)&

Figure (4): (NMR) of three compounds [43]

4., Conclusions

Finally, the study of the spectral properties and
UV-vis analysis provided valuable insights into the
interactions of TiO,/ZnO with (PPy) using DFT
and Gaussian (09) to optimize the geometry of the
structural details that affect the electronic and
optical properties of the composite material. The
analysis results showed that the interaction
between TiO,/ZnO with (PPy) enhances stability
and improves electronic properties, making them
useful for applications in photovoltaic cells,
sensors, or photocatalysis. The study indicates the
importance of molecular interactions of composite
materials, which play an important role in their
functional properties and suitability for various

technological applications.
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