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Abstract

Single-wall carbon nanotubes (SWCNTs) offer outstanding electrical
characteristics and are robust but flexible. As a result, they have a widespread
range of electrical uses, involving semiconductors, RFID chips, effective field
transistors (EFT), smart materials, data storage equipment, and CMOS batteries.
Utilizing B3LYP-SDD/DFT (Density Functional Theory), a reduction in
absorbance is observed with the incorporation of SWCNT nanocomposites,
resulting in a broader absorption spectrum relative to pure P3HT. The
incorporation of SWCNTs can extend the absorption spectrum into the near-
infrared zone, enabling the solar cell to harness a broader spectrum of sunlight
and potentially enhancing total energy conversion efficiency. The decrease in
absorbance creates a phenomenon known as “nanotube aggregation”. The
Poly(3-hexylthiophene) (P3HT): SWCNTs thin films, which are based on the
solution, were prepared using the spin coating technique. UV-visible absorption
spectroscopy has been utilized to evaluate the characteristics of nanocomposites.
The findings demonstrated that adding SWCNTs to the P3HT matrix reduces
absorption intensity without obviously changing the P3HT's band locations. The
structural investigation was conducted using XRD, which showed that SWCNTs
directly affected the crystallinity of P3HT. Using SEM pictures to investigate the
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morphological features, it was possible to see that the transparent nanotubes on
the P3HT surface were evenly distributed. Uses like light-emitting diodes (LEDs)
and photo detectors might benefit from the development of new states of
electronics inside P3HT brought about by the inclusion of SWCNTS. This is due
to the possibility that the composite material's introduction of a new state of
electronics might serve as a means of boosting the LED structure's capacity for
charge carriers, such as holes and electrons.

Keywords: The Poly(3-hexylthiophene), carbon nanotube, DFT, Physical
Properties, Nanocomposites.

Introduction

Polymer composites are a very interesting and extensively researched area within
nanotechnology and composites, exhibiting great potential as versatile, high-
performance materials.

A substance's constituents can determine whether it is an organic or inorganic
substance. Many years ago, materials that came from living things were regarded
as organic materials and were thought to contain an undefinable "living force."
Due to their usage in electrical and optoelectronic devices, organic
semiconductors have been the concentrate of extensive study in recent years [1,2-
71.

Because of its adaptability, ease of manufacture, and changeable properties,
conductive polymer composites (CPCs) are one of the most important and
exciting subjects in polymer composite studies, which have been continuing for
many years [3,4,8].

In the three decades since conducting polymers were discovered, the research of
organic semiconductors has advanced remarkably [5-10]. Most of these natural
compounds can be chemically treated from solution to be inks, particularly the
polymers. This makes it possible to employ normal printing methods to produce
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organic electrical devices in large quantities and at a reasonable cost on a variety
of flexible substrates, including paper, fabric, and plastic foils [ 5,7,11]. This is in
sharp contrast to the highly complex and costly techniques employed in the
manufacture of conventional inorganic semiconductor devices.

Many toxic compounds and solvents are used in the inorganic electronics
production process. The ability to adjust the chemical structure of organic
semiconductors to alter their physical and chemical functioning is an additional
advantage [5-10]. Organic semiconductor devices such as organic photovoltaics,
organic thermoelectric, organic thin film transistors, and organic sensors are only
a few examples of the many devices that have been produced. These devices are
anticipated to open the door for future of electronics with energy-efficient security
systems, spintronic memory, photonics, and sensors because of their
inexpensiveness and simplicity of fabrication and processing [1,12]. Because of
their special physical characteristics, carbon nanotubes (CNTs) become important
nanofillers that can give polystyrene better mechanical, thermal, and electrical
qualities, exceeding researchers' ever-expanding expectations [13-16] Organic
photovoltaic devices are using SWCNTs more and more since they are readily
available and have a low cost of production.

A carbon nanotube's diameter and length measured at the nanoscale are used to
classify it as either multi-wall (MWCNT), double-wall (DWCNT), or single-wall
(SWCNT). The formation of a conducting network or continuous channels may
cause the composite's electrical conductivity to rise over time [17,18].
Conducting polymers with a carbon-based n-conjugated backbone have superior
mechanical characteristics similar to conventional plastics and the electrical
conductivity of metals as compared to inorganic or metallic thermoelectric
materials. Conducting polymers have shown a lot of promise and useful uses thus
far in many different areas. Bundles of nanotubes exfoliate as a result of chemical
functionalization, improving solubility and processability. Functionalization
modifies the physical and chemical characteristics of nanotubes, improving their
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interaction with polymer [19]. The maximum efficiency of power conversion was
attained by doping functionalized SWCNTs with P3HT. P3HT is a widely
recognized conducting polymer with distinctive physicochemical features that
can be used as a model system to investigate electronic/thermal correlations and
create high-performing thermoelectric equipment [20-26].

Though the nature of electron or hole charge transport inside the nanotube
continues to be a controversial topic, several theories have proposed an electron
transfer in P3HT: SWCNTs hybrids. Although these hybrids have been suggested
as hole transfer layers by previous investigators [27-30].

For use in printable or high-end electronics, SWCNTs must be synthesized on a
large scale. SWCNTs are showing promise as a material for low-cost, large-area
microelectronics made using additive manufacturing techniques like roll-to-roll
printing, as well as high-performance, high-density devices. This article
examined the impacts of various weight percentages of acid-treated SWCNTs
added to the P3HT matrix in order to estimate the functional materials SWCNTs'
impact on the organic P3HT and its attributes [29-32].

Computational details and Electronic properties

Gauss View 5.0.8 program was used to draw the underlying structure of the
complex and give the database to its information document. The estimations were
practiced by using the Gaussian 09 bundle of projects [30-40]. P3HT: SWCNTs
nanocomposites were completely loose by using B3LYP-SDD/DFT (Density
Functional Theory). The electronic excitation vitality was determined for the
unwinding of test cases by using the TD-DFT/B3LYP technique with SDD
premise sets [11,33,34]. The TD-DFT technique was proven dependable for
ascertaining the spectral properties of composites.

The electronic energy divisions in DFT is clarified in the following relationship:
E=Er+Ev + E;j+ Exc
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Where Er is the electronic kinetic energy, Ev is the attractive potential energy
which binds the electron to the nucleus, E; is the repulsive energy between the
electrons. In DFT, the correlation of electrons is considered through the
exchange-correlation term Exc. The last term emerges due to the anti-symmetry
of the wave function, the quantum mechanics term, and the dynamic correlation
in the motion of the specific electron. Thus, DFT is predominant over
conventional HF transactions.

The Gaussian View 5.0 software tool characterizes both the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital)
of these structures using the B3LYP/SDD approach, as illustrated in Fig. 1-B
and C [30,35,36]. The findings indicate a reduction in the Eg values. This
indicates the proximity of the HOMO and LUMO values, suggesting the
potential for electronic transitions between the valence and conduction bands, as
illustrated in Fig. 1-B and C.. The distribution is symmetrical in the charges of
P3HT: SWCNTs nanocomposites as well as in the charges of the three samples.
This proves the high physical and chemical compatibility of the compound as
shown in Fig. 1-D and E. TDDFT-based descriptors were computed to evaluate
the composite materials' stability and reactivity. [9], [35,37].
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Electron affinity and ionization potential are referred to as EA and IP in this
context. The global attributes may be stated numerically as follows using a finite
variation method. The formula that follows is utilized to determine the gap of
energy [14,38,39]:

Eg=ELUMO — EHOMO (5)
The electron affinity and ionization energy are represented by equation (6):

P=~Egomo  EA=="ELumo ©6)

Fig.1-D and E show the 3-D electron density (TD) and electrostatic potential
(ESP) surfaces of P3HT: SWCNTs nanocomposites obtained from the
B3LYP/SDD level of theory. Through observing the TD and compounds' ESP
surfaces, the pulling of potentials toward the fields of high electronegativity is
clarified. One can understand that limiting the effective terminal positions of
each compound in linkage with the surrounding species or molecules is to
construct new nanocomposites.

Table 2, which demonstrates that the overall energy of the nanocomposite,
P3HT: SWCNTS, rises in comparison to the energy of P3HT, supports this. The
interactions that take place between the SWCNTS particles when they are
integrated into the P3HT matrix are what cause this rise in energy. A composite
system's overall energy is increased by these physical bonding, chemical bonds,
electrostatic forces, potentials, and interactions. The energy needed to break up
the P3HT bonds and disperse the particles during the SWCNTS combination
process raises the system's overall energy. Instead of lowering the system's
overall energy, other inter-particle interactions, such as electrostatic forces, van
der Waals contacts, or bonds of chemistry with these particles, would provide
forces that aid in bringing those particles to the matrix's interface [11,40,41].
Due to the enhancement of various surfaces in large nanocomposites, the HOMO
and LUMO exhibit form affects as well as continuous fluctuation uncertainty.
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Fermi level, ionization liveliness, and electron liking are all related to the
different quantities that may be determined from the HOMO and LUMO
energies. lonization potential and electron fondness are generally associated
with the LUMO and HOMO energies independently when the sign is negative
[18,42,43]. The Fermi level is the normal of the LUMO and HOMO energies.
The LUMO and HOMO energies are affected by these three quantities in a
similar way as a result of these relationships. Figure 1 also displays the energy
levels of the LUMO and HOMO of P3HT and P3HT: SWCNTS structures.
These energy features suggest that P3BHT: SWCNTS has a higher electron-
accepting capacity, making it more stable than pure P3HT [44].

Because each atom's electron configuration stability in the creation of P3HT:
SWCNTS is marginally greater than that of the base P3HT, they are less reactive
than the base material. As a result, our study shows that the P3HT modified with
SWCNTS has improved optical absorption and emission properties that may
improve the optical sensor, photovoltaic systems, and design of light-emitting
diodes uses. The composite material may now be used in a wider range of
technical fields because of these enhanced properties [36,45,46].

Table 2 demonstrates that adding SWCNTS to pure P3HT has the impact of
Alphabets, which causes the band gap (Eg) width to decrease from 1.866 eV to
0.977 eV. The reduction in Eg suggests that the existence of SWCNTS has
reorganized or changed the energy levels in P3HT by introducing new energy
levels between the energy levels or gap. As a result, the charge transport
characteristics are enhanced to meet the requirements of certain applications,
including electrical conductivity. Additionally, the modified P3HT might show
a number of advantageous properties, such as improved emission and
absorbance [31,47]. The performance of various sensing applications may be
enhanced by the addition of SWCNTS, which may result in improved
characteristics [20,39]. P3HT-based catalysts may become more active and
selective as a result [9,40]. These characteristics suggest that SWCNTS are
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useful in situations where controlling electrical conductivity is necessary. In
sectors like electronics, this flexibility is crucial for the production of circuits
and conductive layers [48, 49].

The IP and EA were obtained from table 2; the findings indicate that the former
is more than the IP of pure P3HT and the latter is likewise greater than the EA
of pure P3HT. In terms of EA, the magnitudes fluctuate according to the
fluctuation of the electronic of the particular molecule owing to structural
changes and bonding; higher magnitudes of IP imply a stronger electron-
donating propensity is less. Interfaces, electrical properties, electron affinity and
ionization potential, may all be altered by adding SWCNTS particles. These
particles may participate in electron transfer activities with the P3HT host,
altering P3HT's features including electron affinity and ionization potential. This
supports the idea that adding SWCNTS changes the system's electronic profile,
necessitating a study of conductivity and other electronic features [31,50,51].
Particularly for opto-electronic applications, the incorporation of SWCNTS may
result in the creation of new or altered state of electronics inside the material.
These modifications to the electrical characteristics have an impact on the
material's sensitivity to light and may be helpful in devices like photodetectors
or light-emitting diodes (LEDs) due to the possibility that adding a new
electronic state to the composite material might improve the charge carriers
movement, such as holes and electrons, inside the LED structure. The
recombination electron-hole pair formation process inside the LED junctions
may be improved by this increased transport efficiency, which would increase
the device's efficiency [4,52,53].

This is fully consistent with the results of the electron density and electrostatic
potential, where we notice a symmetrical distribution of charges and electrostatic
efforts, resulting in increased liberation of the electrons that leads to an increase
in conductivity. And this perfectly agrees with the reached practical results. The
configured geometrical properties of homojunction structures (Angstrom bond
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distances) ascertained by the B3LYP/6-31G -SDD procedure are demonstrated in
Table 1. Table (1) clearly displays that the experimental results for DLC (donor)
strongly agree with the geometrical features measured by the current method. The
difference in atomic numbers for the conjugated atoms is what determines the
bond length for these atoms [44,54].

P3HT SWCNTSs P3HT:SWCNTs composites
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Fig. 1. Optimized Computational structures (Theoretical calculations) of study molecules.
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Table.1 optimized parameters of atoms in P3HT, SWCNTS and P3HT: SWCNTS.

Molecule P3HT P3HT:SWCNT
ET(a.u) -7658.34 -6894.17
HOMO(eV) -5.3240 -17.3240
LUMO(eV) -3.4576 -16.3475
Eg(eV) 1.866 0.977
IE(eV) 5.324 17.324
EA(eV) 3.458 16.348

Table 2. Illustrate electronic features of the nanostructures via utilizing TD-DFT
B3LYP/6-311G(d,p).

Species P3HT SWCNTS P3HT: SWCNTS
C-C 1.4204
C=C 14473 C-C 15424 g:(-:c i‘féi
. C-C 1.4351 C==C 14371 == .
Bond Length (A C-S 1.5196 CH 10173 C-C 1.4729
C-H 1.0742 ) ' C-S 1.5178
C-H 1.0834

We notice from Fig. 2 a decrease in absorbance with the addition of SWCNT
nanocomposites, and accordingly, a broader absorption spectrum appears
compared to pure P3HT. The presence of SWCNTSs can broaden the absorption
band into the near-infrared region, allowing the solar cell to capture a wider range
of sunlight and potentially increasing the overall energy conversion efficiency.
The decrease in absorbance creates a phenomenon known as ‘“nanotube
aggregation”. The effective surface area available for light absorption may be
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decreased when SWCNTs are added to a polymer matrix like P3HT because they
have a tendency to form aggregates or bundles [15,46,55]. When compared to the
pure polymer, this aggregation effect may cause the nanocomposite to absorb less
total energy. Moreover, the scattering or reflection of light caused by SWCNTs
may possibly be a factor in the observed decrease in absorption. The scattering
effect, which occurs when light interacts with single-walled carbon nanotubes and
deviates from its intended route, causes decreased absorption by the polymer
matrix.

——P3HT
—=— P3HT:SWCNT(0.6%)
—— P3HT:SWCNT(0.8%)

Absorbance (a.u)

350 450 550 650 750 850 950 1050
Wavelength(nm)

Fig. 2. Absorbance for pristine P3HT and P3HT:SWCNT hybrids.

Additionally, as we examine the optical characteristics, we find that the addition
of SWCNT nanocomposites reduces the absorption coefficient of pure P3HT
polymer (Fig.3). This is because the concentration of the P3HT polymer drops in
relation to the total compound when SWCNT nanocomposites are added to the
P3HT polymer matrix, causing a dilution effect. The absorption coefficient may
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decrease as a result of this drop in polymer concentration. The optical
characteristics of the surrounding P3HT polymer, such as its refractive index,
light scattering, or changes in its electronic structure close to the interface, are
similarly impacted by the presence of CNTs at the nanocomposite's interfaces.
The observed drop in the absorption coefficient may be attributed to these
interfacial effects. This is further explained by the possibility that CNTs will cause
scattering and reflection events to arise inside the nanocomposite [37,46,56].
When light interacts with the nanocomposite, the carbon nanotubes can scatter or
reflect a portion of the incident light, reducing the overall amount of light
absorbed by the pure P3HT polymer. This scattering and reflection effect could
contribute to the observed decrease in the absorption coefficient.

1100
1000 - ——P3HT

] —— P3HT:SWCNT(0.6%)
——— P3HT:SWCNT(0.8%)

900 -

800 -
700 -
600 -
500 -
400 -

Absorption Coefficient (cm)!

300 -
200 -
100 -

o+ <
1 2 3 4

Photon Energy(eV)

Fig.3. Coefficient of absorption for pristine P3HT and P3HT:SWCNT
hybrids.

12| Page



\3
g\ )é Eureka Open Access Journals
Open Access | Peer Reviewed | International Journals | Multidisciplinary Areas

OPEN ACCESS JOURNALS

Eureka Journal of Geoscience, Materials &
Resource Engineering (EJGMRE)

ISSN 2760-4985 (Online) Volume 02, Issue 05, May 2026

|@ ©O) This article/work is licensed under CC by 4.0 Attribution

https://eurekaoa.com/index.php/9

Experimental methods

P3HT and DCB were utilised without any additional purification after being
provided by Sigma Aldrich. As previously indicated, SWCNTs (Sigma Aldrich)
were functionalized using an acid treatment [19]. P3HT was dissolved in 12
mg/ml DCB solution, mixed for 150 minutes at 50 °C. Additionally, 0.75 mg/ml
of functionalized SWCNTs were distributed throughout DCB. After 50 minutes
of sonication in an ultrasonic bath, the P3HT and SWCNTs solutions were mixed
at two different volume ratios (0.6 and 0.8); the pure P3HT solution was taken
into consideration to examine the impact of the SWCNTs on these hybrids. The
P3HT: SWCNTs solutions were then sonicated for a duration of 50 minutes.

View of the nanocomposites' properties through their morphology and
structure.

(Fig. 4) presents the findings of X-ray diffraction in terms of crystalline structure
information of the materials under investigation. Analysis of the XRD patterns
showed that all three samples of pure P3HT, P3HT: SWCNT (0.6%), and P3HT:
SWCNT (0.8%) had crystalline behavior as evidenced by clear and distinct
peaks observed at specific angles (20 values). The peaks observed at 20 = 5.492,
20 = 5.507, and 26 = 5.601, respectively, correspond to the distinct crystal
features of the samples and to the arrangement of atoms or molecules in the
crystal lattice [18,57,58].

The increase in crystallite size and degree of crystallinity with increasing
SWCNT concentration indicates that the presence of SWCNTs affects the
structure of the P3HT thin film. Successful grafting of the polymer to single
nanotubes indicates that the P3HT chains have attached to the surface of the
single-walled carbon nanotubes. This grafting process can improve the
arrangement and crystallinity of P3HT chains. Moreover, the interaction
between P3HT and SWCNTs could also contribute to the observed changes in
the crystal structure. SWCNTs may provide nucleation sites for P3HT chains,
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promoting their alignment and organization into a more ordered structure. This
interaction between the polymer and carbon nanotubes can facilitate charge
transfer within the film, leading to improved carrier mobility, and it plays an
essential role in determining the carrier mobility of organic thin films[40,44,59].

3000

—P3HT
2500 —— P3HT:SWCNTs(0.6%)
o P3HT:SWCNTs(0.8%)

1500

intensity(a.u)

1000

500

0 10 20 30 40 50 60
2Theta®

Fig. 4. XRD pattern for pristine P3HT and P3HT:SWCNTs hybrids.

SEM was used to examine the morphological characteristics of the thin films
under study (Fig. 5). The P3HT thin film showed no obvious aggregation and a
smooth surface. The surface morphology of the P3HT was altered by the addition
of SWCNTs. On the surface of the thin film, distinct characteristics of nanotubes
were evenly distributed. The latter spoke of using acid-treated nanotubes rather
than untreated ones.
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P3HT P3HT:SWCNT(0.6%) P3HT:SWCNT(0.8%)

Fig. 5. SEM images for pristine P3HT and P3HT: SWCNTs hybrids.

Conclusions

Based on the findings of the spin coating technique's X-ray diffraction analysis
of the thin P3HT: SWCNTs films. The membranes were found to be extremely
homogeneous. This suggests that the P3HT crystallinity is directly impacted by
SWCNTs. The UV-visible absorption and fluorescence spectroscopy results
demonstrate that the addition of SWCNTs to the P3HT matrix resulted in a drop
in absorption intensity and no discernible change in the P3HT's band locations.
SEM photographs showed that clear and evenly distributed nanotubes were
visible on the P3HT surface. As a result, for instance, values decrease. This
makes them interesting materials for a variety of electrical devices, including
EFTF and organic solar cells, by bringing the HOMO and LUMO values more
closely together and enabling electronic transitions between the valence and
conduction bands. Uses including light-emitting diodes (LEDs) and photo
detectors may benefit from the incorporation of SWCNTS, which might produce
new or modify existing electronic states inside the material. This is due to the
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possibility that adding a new electronic state to the composite material might
increase the charge carrier’s mobility, such as holes and electrons, in the LED
structure.
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