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Cold Plasma Effect on Optical Properties of Polypyrrole Thin Films

Keywords:

Abstract:

Hadeer Kamel and Hamid H. Murbat

Department of Physics, College of Science for Women, University of Baghdad, 10071 Baghdad, Iraq

hadeer.alil 604@csw.uobaghdad.edu.iq, hamidmurbat@gmail.com

Polypyrrole, FTIR, Cold plasma, Electrochemical, UV-Vis.

Electrochemical deposition of polypyrrole (PPy) thin films was performed on indium tin oxide (ITO) glass
substrates using potassium nitrate (KNOs) as the supporting electrolyte. Extensive surface modifications of
the conductive polymers were then performed by cold plasma treatment (using a DBD plasma device) at
various time points (0, 5, 10, 15, and 20 minutes). Polypyrrole is a self-conducting polymer that undergoes
radical structural and chemical changes in the presence of plasma. This work aimed to investigate the changes
in polypyrrole (PPy) films using Fourier transform infrared (FTIR) spectroscopy, focusing on the use of
oxygen-containing groups, changes in C=C and C-N vibrations, and UV-vis spectroscopy. Optical tests were
also performed to measure the energy gap at different time points, in addition to the overall effect of cold
plasma on the surface activity/conductivity of polypyrrole. These results indicate that plasma treatment is an
effective post-treatment tool for improving the functional properties of electrochemically synthesized
polypyrrole membranes and their potential applications in sensors, energy storage systems, and

optoelectronics.

1 INTRODUCTION

Conductive polymers featuring double bonds have
recently garnered considerable interest as
sophisticated materials. Polypyrrole demonstrates
superior performance in commercial applications
owing to its excellent environmental stability, high
conductivity, and relative simplicity of production in
comparison to numerous other polymers. Polypyrrole
is predominantly utilized in various domains,
including biosensors [1], [2], sensors for gas [3], [4],
the wiring [5], micro actuators [6], a solid capacitor
that are electrolytic [7] functional films, packaging
materials, electromagnetic shields, polymer battery
packs, electrical appliances [8], electrochemical
devices, and also capacitors [9], [10]. It exhibits
swift  oxidation and reduction, excellent
biocompatibility [11], [12], and low weight [13]
Conductor polymers have been distinguished through
their rapid doping and de-doping capabilities [14]-
[18]. Polymers are produced using chemical and
electrochemical polymerisation processes. Recent
studies  have  demonstrated  that plasma
polymerisation is a significant technique for
generating thin films of the conductive polymer
polypyrrole (PPy) [19]-[25].
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Plasma, defined as a near-neutral gas, is the fourth
state of matter and accounts for more than 99% of the
matter in the universe. There are more common states
of matter, including solid, liquid, and gas. Plasma
consists of positive and negative ions, electrons, and
atoms. Plasma is classified according to its
temperature into high-temperature plasma and low-
temperature plasma [26]. On the other hand, plasma
treatment is used to improve the surface of polymers.
It does not alter the properties of the base material,
but it does alter its electrical and chemical
properties [27], [28]. Surface modification is often
necessary to improve compatibility and functionality.
We rely on Cold plasma treatment, a non-thermal
method, and also use gases such as O2, N2, and Ar to
add new functional groups and modify the polymer
surface without significant degradation. Cold plasma
simultaneously cleans the surface, removing weak
surface areas, eliminating wettability, and improving
contact angles [29]. The dielectric barrier discharge
(DBD) method, one of the non-thermal plasma
systems or designs, has received positive feedback
from most studies due to its scalability and reliable
plasma production. In recent years, research has
increased on atmospheric DBD plasma. This type of
plasma is known for its ability to modify surfaces and
its low cost without affecting bulk properties [29].
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This system will be used and relied upon for
processing and exposing samples to cold plasma. In
this study, we will investigate the effect of cold
plasma on the optical properties of electrochemically
produced polypyrrole (PPy) thin films. The films
were exposed to cold plasma for a specified period
before their changes were examined using different
methodologies. Fourier transform infrared (FTIR)
spectroscopy provides valuable insights into the
structural changes of the PPy polymer by detecting
changes in the vibrational patterns of chemical bonds.
The purpose of FTIR analysis in this study is to focus
on the plasma-treated chemical modifications in PPy
polymer films. We also used ultraviolet-visible
spectroscopy to study the optical properties and
electronic changes of the polypyrrole films. This
examination revealed that the cold plasma
significantly affected the absorption behavior of PPy,
leading to modifications in its optical absorption
properties due to changes in the molecular structure
or surface morphology. We also revealed an increase
in the intensity of the bands that occurred during
interactions between the polypyrrole and the plasma
as a function of exposure time.

2 MATERIALS AND METHODS

2.1 Materials

The chemicals utilized for the electrochemical
deposition of polypyrrole (PPy) films are pyrrole
monomer C4HS5N as the starting material and
potassium nitrate KNO3 as the secondary material.
Indium tin oxide (ITO)-coated glass is required, and
deionized and distilled water is used for pretreatment.
The samples are subjected to cold plasma annealing
using a DBD system. Analyses include Fourier
transform infrared (FTIR) spectroscopy and UV-
visible spectroscopy.

2.2 Experimental Methods

The reaction solution was prepared and
electrochemically  deposited. The polypyrrole
membrane preparation process followed several
steps. This was accomplished using 0.1 M pyrrole and
0.2 M potassium nitrate (KNO3) as co-electrolytes.
The molecular weights of each solution were
determined

Where M = moles of pyrrole (67.09 g/mol) and
101.1 g/mol = moles of potassium nitrate. Their
masses were measured using a high-sensitivity
balance and then determined. A volume of distilled or
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deionized water was added to the determined masses,
bringing the volume to 100 mL in a graduated
cylinder. The 0.1 M pyrrole solution was then diluted
to 0.07 M.

After dilution, the remaining volume was
removed and diluted with distilled or deionized water
to reach the final volume. 20 ml of pyrrole.

Add a drop of dilute pyrrole solution to a 0.2 M
potassium nitrate solution, and the final solution is
complete. To complete the final solution, add 6 liters
of pyrrole and 6 liters of potassium nitrate.

We need indium tin oxide (ITO)-coated glass for
the deposition process. The glass is cut into small
squares, and the ITO pieces are soaked in an ethanol
mixture for 10 minutes to ensure cleanliness. The
pieces can then be rinsed with distilled water and
dried using parchment paper. A digital voltmeter is
used to determine the conductive side of the ITO glass
by measuring the resistance of one of the other two
surfaces. The zero side (low resistance) serves as the
active electrode surface. Once the reaction solution is
complete and the glass 1is prepared, the
electrochemical deposition process begins. We place
the reaction solution in a beaker and place two
electrodes in it along with 12 liters of water. The
anode material is indium tin oxide (ITO) glass, and
the cathode is nickel. We connect the electrodes to a
4-volt DC power supply and leave them there for 5
minutes. A thin layer of indium tin oxide glass begins
to deposit on the conductive side of the polypyrrole,
resulting in a thin layer of polypyrrole on the glass
only. After the specified time has elapsed, the
electrodes are disconnected from the power supply,
and the indium tin oxide glass is thoroughly rinsed
with distilled and plain water. The samples were
prepared in the same manner five times.

After the electrochemical deposition was
complete, one of the five samples was not exposed to
plasma (i.e., the control). The remaining samples
were exposed to cold plasma for various durations,
which we will describe. This is accomplished using a
DBD system for generating cold plasma, which we
will rely on in this study. This system consists of two
titanium-coated stainless-steel electrodes with a
quartz barrier between them. The system operates
using high-voltage alternating current (HVAC). The
applied voltage was 25 kV, the distance between the
top electrode of the DBD and the surface was 2 mA,
the thickness of the polypyrrole film was 1 mm, and
the voltage frequency was 28 kHz. The system mainly
consists of high-voltage electrodes. Cold plasma was
obtained by ionizing atmospheric air and applying it
to the sample for different exposure times (5, 10, 15,
and 20 min). The electrode was separated from the
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ITO glass surface by a distance of 2 mm to discharge
the plasma generation. After the five samples were
fully plasma treated, several analytical tests were
performed to analyze their optical properties. Fourier
transform infrared (FTIR) spectroscopy was studied,
while the optical absorption behavior was studied
using UV-visible spectroscopy.

3 RESULTS AND DISCUSSION

3.1 UV-Vis Spectroscopy

The optical properties are essential for evaluating the
optical behavior of prepared thin films and assessing
their potential applications. These properties are
influenced by several factors such as irradiation
process, the adding of incorporated nanoparticles, the
nature of the polymer, and the preparation
technique [30]. The UV-vis spectra of PPy and
irradiated PPy samples at different time (5, 10, 15 and
20 min) are presented in Figure 1. The obtained
results revealed there are four main bands for all
samples at (345 nm, 437 nm, 581 nm and 762 nm),
the characteristic band centered at (345 nm) is as a
result to electronic transitions from the va lence band
to the anti-bonding polaronic states [31]. The
absorption band centered at (437 nm) can be
attributed to the high energy polaronic
transitions [32]. While the absorption band centered
at (581 nm) attributed to the electronic transitions
involving the bipolaron band or interband transitions
between  the  valence  band and  the
bipolaron/antibonding polaronic states [33]-[35].
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Figure 1: The UV-vis spectra of PPy and irradiated PPy at
different time (5, 10, 15 and 20 min).

From Figure 1, the obtained results of irradiated
PPy samples at different time (5, 10, 15 and 20 min)
demonstrate the increase of the absorbance intensities
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with the plasma exposure time, this can be explained
as the plasma irradiation can be attributed to multiple
mechanisms. Plasma treatment can introduce surface
functional groups and increase surface roughness,
thereby enhancing light trapping and absorption.
Additionally, plasma exposure can lead to oxidation
and doping level changes, which modify the n—n=
transitions in the conjugated polymer -chains,
resulting in enhanced optical absorption. Structural
modifications such as increased conjugation length or
formation of localized energy states also contribute to
greater absorbance intensity. These changes
collectively improve the optical activity of material,
particularly in the UV visible region [36]-[38].

The fourth absorption band centered at (762 nm)
appeared after the plasma irradiation process of the
PPy and the intensity became higher with the increase
of the exposure time, which attributed to electronic
transitions involving bipolaronic states, plasma
irradiation enhances oxidation and doping levels
within the polymer chains, resulting in increased
bipolaron formation. These modifications shift the
absorbance toward the near-infrared region due to
transitions from the valence band to the bipolaronic
energy levels, as well as changes in the conjugation
length and electronic structure of the polymer
backbone [39].

The results indicated that the plasma irradiation
significantly influences the absorbance behavior of
polypyrrole, leading to modifications in its optical
absorption characteristics due to changes in
molecular structure, surface morphology, or doping
levels. The increase of the band’s intensity revealed
the interactions between the PPy and the plasma as a
function of the exposure time.

Figure 2 and Table 1 show the Eg band gap energy
values for the PPy material. This band gap was
determined by plotting (ahv)2 versus (hv). The band
gap value for the material not exposed to cold plasma
(control) exhibits the first semiconducting behavior
of this sample at an Eg value of 3.29 eV, obtained
after plotting (chv)? as a result and calculating. This
is a relatively high value, indicating that a large
amount of electron energy is required to induce the
transition between the conduction and valence bands.
This is likely due to the presence of few doping states
in this sample, as the deposition of electrochemical
materials is unchanged. The band gap energy in the
PPy polymer plot exposed to cold plasma for 5
minutes was found to be approximately 3.2 eV. This
increase indicates a decrease in the lengths of the
conjugated bonds of the polymer and the occurrence
of oxidation, leading to a decrease in the number of
damage sites and an increase in the band gap through
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the redistribution of the electronic structure of the
material and an improvement in its dielectric
properties. The curve indicated that as the plasma
exposure time increased to 10 minutes, the energy gap
increased significantly to approximately 2.6 eV This
suggests that the polymer structure underwent more
significant changes during the plasma treatment, with
more conjugated bonds being broken and new oxygen
groups forming on the surface. This resulted in
reduced activation and structural disorder.
Consequently, the polymer exhibited weaker light
absorption and isolation behavior compared to the
sample treated after 5 minutes. This demonstrates that
the optical gap is higher in the cold plasma treatment
than in the cold plasma treatment, due to the alteration
of the PPy polymer's electronic structure. This value
indicates that the effect of 15 minutes of cold plasma
treatment on the energy gap was negligible. This is

attributed to the fact that the plasma altered the
electronic and surface structure of the material,
removing some protons from electron-donor groups
and increasing the periodicity of the polymer chains,
resulting in an energy gap of approximately 3.1 eV
for the Tauc curve of the polypyrrole (PPy) sample
exposed to cold plasma for 20 minutes. This means
that plasma exposure caused saturation of the oxide
layer and a further increase in structural defects,
resulting in a slight decrease in the gap compared to
the sample treated for 10 minutes. This is attributed
to the fact that high perturbation causes the evolution
of local energy conditions within the gap. However,
it can be definitively concluded that initially, the
longer the plasma treatment time, the larger the gap,
which then stabilizes or decreases slightly with longer
treatment times due to partial damage to the conjugate
bond and surface defects.
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Figure 2: Tauc plots of (ahv)? versus photon energy (hv) for PPy thin films:

(5,10,15,20) min used to determine the optical band gap.
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pure PPy PPy after cold plasma irradiation for
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Table 1: The energy gap values for PPy material unexposed
and exposed to cold plasma at different times (5, 10, 15, 20)
minutes.

Sample Exposure time (min) Eg (eV)
PPy-0 0 3.29
PPy-5 5 3.2

PPy-10 10 2.6

PPy-15 15 2.4
PPy-20 20 3.1

3.2 Fourier Transform
InfrareSpectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy
results of polypyrrole films exposed to cold plasma
for different time periods (0, 5, 10, 15 and 20
minutes). The aim was to determine how the films
interact with each other. Such spectra signal the fact
that various peaks or bands of various functional
groups are present in the PPY structure which is
evident in the Figure 3.

These peaks will make us identify the peaks or
bands. The wide band at 3421 cm™! has signified the
N-H stretching vibration in the polypyrrole. The
absorption peak of O-H stretching vibration,
dissolved in hydrogen bonds within the polymer
chain, appears in the peak at 3425 cm™'[40]

We find an absorption band of the C-H bond
stretching vibration of the aliphatic compound at
2922 c¢cm ! and 2924 cm . Such peaks are
correspondent with findings of the researcher [41]

The band at 2800-2900 cm™ ! is attributed to the
stretching vibration of C-H and band at 1381 ¢cm ! to
the stretching vibration of N-H in the ring. This
complies with the peaks reported by the researcher.
The C=0 bond vibration with a wavenumber of 1632
cm ! shows that the treated film contained carbonyl
groups. The band of 1250-1340 cm'! is a typical C-N
bond stretching aromatic rings or primary amines
characteristic band of PPy structure. These are at
1463 cm !, 1465 cm ! and 1460 cm ! representing C-
C, C-H and C-N bending that are the characteristic
vibrational bands of conventional PPy aromatic rings
[41, 42] This conforms to the findings of the
researcher. Another study has reported this pyrrole
polymerization to happen at 796 cm™! [43] A band at
720 cm! corresponds to out of plane stretching the C-
H bond, commonly used as a detector of aromaticity.

The plasma-treated samples, shown in Figure 2,
also exhibit a curve in which the characteristic
absorption peaks shifted somewhat to a shorter
wavelength region (higher wavenumber) after cold
plasma treatment. This blue shift is attributed to the
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increased vibrational energy of these functional
groups.

FTIR spectra show some of the main absorption
bands of polypyrrole (PPy) and their slight changes
after plasma treatment. The peaks at frequencies of
720 and 796 cm™! are attributed to out-of-plane C—H
bending vibrations generated by the pyrrole ring,
while the peaks observed between frequencies of
1250 and 1340 cm™', which also appear at 1381 cm™,
are attributed to C—N bond stretching, in addition to
the C—C bending vibration. The signals at frequencies
of 1465 cm™ and 1632 cm™ are attributed to C=C and
C=O0 stretching, respectively. The broad absorption
band at frequencies of 2800-2900 cm™* and the peak
at 2924 cm™ arise from C—H stretching and aliphatic
bending, respectively, while the peaks at frequencies
around 3421 (N-H stretching) or 3425 cm™ (O-H
stretching) are attributed to hydrogen-bonded groups.
The peak shift toward a shorter wavelength is
attributed to plasma-induced changes, such as
oxidation, crosslinking, or penetration of polar
functional groups on the polymer surface. These
effects lead to stronger chemical bonds and improved.

The peak shift toward a shorter wavelength is
attributed to plasma effects (oxidation, crosslinking,
or penetration of polar functional groups) on the
polymer surface. These effects directly affect the
strongest chemical bonds, promoting what we call
increased collective behavior.

Interactions between PPy chains. Therefore, we
interpret the observed blue shift as evidence of
increased bond energy and a change in the chemical
environment of the PPy chains as a result of cold
plasma treatment, resulting in a more cohesive and
energetically stable polymer network.
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Figure 3: FTIR analysis of PPy and PPy exposed to cold
plasma at different times (5, 10, 15 and 20 min).
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4 CONCLUSIONS

After cold plasma treatment of polypyrrole films and
surface chemical synthesis, Fourier transform
infrared (FTIR) analysis revealed the appearance of
carbonyl and hydroxyl groups (C N, C C), a
decrease in vibrations, and a broad band at 3421 cm™!,
representing the N-H bond vibration. This indicates
structural changes in the molecular structure of
polypyrrole resulting from cold plasma exposure. The
plasma gas and exposure duration significantly affect
the oxidation level and functionalization. However,
plasma enhances the functional group density and
surface reductivity. Excessive exposure may lead to
decreased electrical conductivity due to chain
cleavage. UV-Vis spectroscopy results also indicate
that cold plasma irradiation significantly affects the
absorption behavior of polypyrrole, leading to
modifications in photoresistance properties due to
changes in molecular structure, surface shape, or
doping levels. The increased band intensity revealed
interactions between polypyrrole and plasma as a
function of exposure time. The band gap energy (Eg)
of unexposed PPy was found to be 3.29 eV, a
relatively high peak indicating a high electron energy
requirement to induce the transition between the
absorption and valence bands. In contrast, the band
gap energy of PPy exposed to cold plasma for 5
minutes was approximately 3.2 eV. This increase
suggests a decrease in the conjugate lengths of the
polymer and the occurrence of oxidation, leading to a
reduction in the number of damage sites and an
increase in the band gap through the redistribution of
the material's electronic structure. We conclude that
the longer the plasma treatment duration, the greater
the band gap, which stabilizes or slightly deviates
with longer treatment periods due to cleavage and
increased structural disorder. Therefore, optimal
plasma conditions are essential for improving the
properties of polypyrrole to meet the needs of sensors,
energy devices, and biomedical coatings.
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