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Abstract: This work explores six newly designed com-
pounds obtained by several substitutions in 2,5-di(2-thienyl)
pyrrole molecule. For this series of compounds, the electronic
and optical properties were investigated using density func-
tional theory and time-dependent density functional theory
(TD-DFT). The new compounds were characterized by calcu-
lating the chemical parameters that correlated with their
optical and electrical properties. The lowest unoccupiedmole-
cular orbital (LUMO) and the highest occupied molecular
orbital (HOMO) energies are calculated using the B3LYP func-
tional with the 6-311G (d, p) basis set. The most low-lying
energy level of the LUMO was found for Perr-NO2, indicating
its effective electron injection capabilities and oxidation resis-
tance. The HOMO and LUMO distributions of Perr-Cl and Perr-
NO2 displayed a remarkable complementarity throughout
each component of the two compounds, indicating an effective
intermolecular charge transfer. The molecular electrostatic
potential analysis demonstrated that the proposed compounds
have a broad distribution of electrophilic and nucleophilic
sites, which predict a high degree of chemical reactivity. The
electron density analysis at the bonding and anti-bonding
sites of the title compounds was performed using the electron
localization function and local orbital locator techniques. Non-
covalent interaction analysis using the reduced density gra-
dient approach classified all types of interaction: repulsive,
weak, and attractive interactionswithin compound fragments.
All compounds exhibited a robust repulsive interaction, as
proved by the red spikes at 0.038 a.u. The ultraviolet/visible
(UV/vis) spectrum was obtained by TD-DFT using CAM-B3LYP
models in conjunctionwith 6-311G (d, p) basis set andmethanol

as a solvent, the absorption bands were found within the UV
range, and the maximum wavelength showed red-shifted
increases. These compounds could serve as a base material
for developing selective gas sensors with considerable UV/vis
absorption (180–400 nm). According to the research results, the
designed compounds are good candidates for use as precursors
in polymer designs for optoelectronic and sensor applications
due to their high electrical conductivity and photochemical
properties.
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1 Introduction

The pyrrole and thiophene systems have significance due
to their remarkably high reactivity among the various
types of polymers displaying electroconductive character-
istics. This significance comes from the presence of con-
densed poly-heterocyclic units that retain an extended
conjugated C]C structure. Many years ago, scientists stu-
died polymers that could be converted into conductive
materials by pyrolysis or, substituent effects, or any other
means. The investigation and development of many con-
jugated polymers (CPs) were inspired by the discovery of
the high conductivity of doped polyacetylene [1–3]. Since
then, CPs have been regarded as a promising material for
developing electronic components due to their potential as
organic conductors [4,5]. One structural feature all CPs
share is the poly-conjugation in the π-system of their back-
bone. Many different approaches have been employed in
the search for improved CPs. These approaches included
chemical modifications such as selective sulfur oxidation,
ring fusion, substitution by other heteroatoms, and elonga-
tion of the chain [6–8]. Polymers containing pyrrole/thio-
phene rings are attractive for producing materials with
high conductive properties. Within these two categories
(pyrrole/thiophene), the ability to modify the β-position
of the pyrrole ring and the free α-positions of thiophene
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rings provide further controlling and tuning of their prop-
erties [9–11]. Alkyl groups are frequently used as substitu-
ents in the β-position of pyrrole or thiophene rings. The
resultant polymers exhibit the advantage of improved
processing because of their increased solubility in organic
solvents [12]. The electrical and optical properties of such
materials are mainly determined by the structure of the
starting monomer, which is strongly affected by the
substituents’ steric and electronic properties [13,14]. Scien-
tists and researchers are becoming interested in these
polymers because of their potential applications in dif-
ferent scientific and technological fields, such as sensors,
batteries, electrocatalysts, electrochromic devices, the synth-
esis of new materials, and electrophotography [15–19]. A
new electroactive derivative of 2,5-di(2-thienyl)pyrrole was
synthesized by Soganci et al., leading to produce a novel
solution-processable and fluorescent polymer called poly
(N-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)-3,4,5-tris(dodecyloxy)
benzamide) (P(TPDOB)) [20].

The newly synthesized 2,5-di(2-thienyl)pyrrole deriva-
tive, 4-amino-N-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl) benza-
mide (HKCN) was achieved through the reaction between
1,4-di(2-thienyl)-1,4-butanedione and p-aminobenzoyl hydra-
zide. HKCN exhibits excellent stability compared to other 2,5-
di(2-thienyl)pyrrole derivatives and retains a lower band gap,
indicating improved conductivity [21].

Recent work by Altun et al. was mainly focused on the
development of biosensing interfaces applied benzena-
mine-2,5-di(thienyl)pyrrole (SNS-An) and 3,4-ethylenediox-
ythiophene (EDOT) in a copolymerization technique. The P
(SNS-An) and P(SNS-An-co-EDOT) films were prepared and
cross-linked with glucose oxidase and supplemented with
carbon nano-elements to improve their biosensing proper-
ties. The P(SNS-An-co-EDOT) film demonstrated superior
performance compared to the P(SNS-An) film in terms of
analytical characteristics and recovery rate accuracy [22].

Conjugated pyrrole materials also have the attractive
features of readily available and simple synthesis pro-
cesses. The chemical synthesis of pyrrole polymers has
an extensive record [23]. The chemical oxidative polymer-
ization with ferric chloride acting as an oxidant in aqueous
media has been widely used to produce pyrroles; this pro-
cedure is simple and reasonably of low cost [24–26]. Sev-
eral techniques could be used to carry out this process,
depending on the oxidant and solvent types. It has been
reported that different oxidants, such as halogens and
organic electron acceptors, are used to synthesize pyrroles,
along with different solvents, such as water and chloro-
form [27,28]. Recently, it has been reported that CuH-cata-
lyzed enyne–nitrile coupling is an effective reaction to
synthesize substituted pyrroles [29].

It was a common challenge to obtain reliable physical
data to characterize and analyze extended π-chain poly-
mers with high molecular weight and structural defects
[30,31]. Therefore, theoretical approaches were used to
obtain reliable supporting information for the molecular,
chemical, and physical properties of the polymer structure.
Density functional theory (DFT) and time-dependent den-
sity functional theory (TD-DFT) are two of the most well-
known and widely used theoretical techniques for studying
molecular geometry and structural features related to the
chemical and physical properties of materials [32–36]. The
compound cyclohexylammonium perchlorate (C6H14N)ClO4

was synthesized and characterized using experimental and
computational methods. DFT calculations were made at the
B3LYP/6-311+ +G(d,p) level. The highest occupied molecular
orbital (HOMO), lowest unoccupied molecular orbital (LUMO),
and gap energy orbital analyses were used to determine the
electronic properties of the compound [37]. Another study
investigated urea–water mixtures using DFT and experimental
methods, with a reduced density gradient (RDG) analysis and
non-covalent interaction (NCI). In addition, for urea–water com-
binations with different molar urea fractions, experimental
infrared spectra were obtained. The harmonic vibrational fre-
quencies of urea–(H2O)n complexes were calculated theoreti-
cally using the B3LYP method with a 6-311G++(d, p) basis
set [38].

The DFT approach is also widely recognized for designing,
characterizing, and improving the performance of pyrrole–
thiophene-based polymers [39–41].

This research aims to study the effects of substituent
groups on the electronic and optical properties of a mod-
ified 2,5-di(2-thienyl) pyrrole molecule. Six new molecules
were designed from this molecule by substituting different
donating/withdrawing groups with the hydrogen
bonded to the nitrogen of the pyrrole ring. DFT-
Becke–Lee–Yang–Parr’s three-parameter hybrid func-
tional (B3LYP) with Pople’s triple zeta 6-311G (d, p) basis
set investigations were accomplished to analyze the elec-
tronic properties associated with the optimized structure
for each compound. Many analyses of the ground-state opti-
mized structure were carried out using molecular electro-
static potentials along with frontier molecular orbital and
associated quantum chemical parameters to comprehend
reactivity and intermolecular charge transfer. NCI was
implemented to analyze the different types of interactions
within the studied compounds. The UV/vis spectra and
associated photochemical properties were simulated
and analyzed using TD-DFT with CAM-B3LYP models in
conjunction with the 6-311G (d, p) basis set. The simula-
tions were performed in the presence of methanol as a
solvent.
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2 Materials and methods

2.1 Chemistry and molecular design

Highly electro-conductive materials are an ongoing research
focus to keep up with modern optoelectronic applications.
The pyrrole and thiophene ring system provides extremely
reactive molecules with the ability to incorporate substitu-
ents at different positions along their rings. 2,5-Di(2-thienyl)
pyrroles, consisting of thiophene and pyrrole rings, are of
great interest due to their potential for generating substan-
tially electro-conductive derivatives. Prior research on the
reactivity of 2,5-di(2-thienyl) pyrroles produced condensed
poly-heterocyclic compounds by substituting in the β-posi-
tion of the pyrrole ring and also in α-positions of thiophene
rings [42]. In that work, 2,5-di(2-thienyl) pyrroles (shown in
Figure 1a) were subjected to several substitution processes
with the modified components to produce 16 new products.
In addition to their electro-conductive capabilities, these
poly-heterocyclic compounds with extended C]C conju-
gated systems are expected to be promising structural frag-
ments of photochromic dihetarylethenes. One of the substi-
tution processes described in the cited study was a series of
synthesis procedures that yielded what we will term “base
compound” (Figure 1b). The base compound received a
dimethyl substitution to produce a compound that was named
2,6-dimethyl-1,3,5,7-tetrakis(5-methyl-2-thienyl)-4,8-dihydropyr-
rolo[3,4-e] benzo[b]pyrrole; details of its synthesis are also
provided in the quoted work. New pyrrole derivatives have
been designed by substituting various functional groups at the
di-substitution sites R in the base compound. The basic com-
pound has been designated by the acronym Perr, and the
functional group (R) was added after that acronym has been
used to denote the new derivatives, specifying the substituents

R = CH3, NH2, OH, OCH3, Cl, and NO2, respectively, and the new
derivatives, namely, Perr-CH3, Perr-NH2, Perr-OH, Perr-OCH3,
Perr-Cl, and Perr-NO2 respectively.

2.2 Computational methods

The ground-state energies associated with the optimized
structures were calculated using the Gaussian 09W pro-
gram [43]. The level of the used DFT was based on the
model B3LYP with a 6-311G (d, p) basis set [44]. Many
research works have shown that DFT calculations using
the B3LYP functional in combination with the 6-311++G
(d,p) basis set can perfectly predict molecular structures
that are consistent with experimental results [37,45].

Many parameters, such as HOMO and LUMO frontier
molecular orbitals, their corresponding energy levels, and
molecular electrostatic potential, have been visualized using
the advanced molecular visualizer Avogadro software [46].
The TD-DFT was used to simulate UV/vis spectra. In that con-
text, modeling excited-state attributes using the conventional
B3LYP functional has been realized to have considerable
drawbacks. The new hybrid exchange-correlation functional,
known as the Coulomb-attenuating method (CAM-B3LYP),
was developed to address these issues. To more effectively
account for the long-range effects of electron–electron inter-
actions in excited states, the Coulomb-attenuating approach,
which is included in CAM-B3LYP, was selected for this inves-
tigation [47]. Multiwfnwas used for the calculation of electron
localization function (ELF), local orbital locator (LOL), and
NCI-RDG [41,48]. The visual molecular dynamics (VMD) tool
was used to display the charts and color maps more accu-
rately [49].

Figure 1: (a) 2,5-Di(2-thienyl) pyrrole compound and (b) the base compound was the building block for creating the new derivative, R = CH3, NH2, OH,
OCH3, Cl, and NO2, respectively.
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3 Results and discussion

The concept of frontier molecular orbitals is commonly
employed to study the reactivity of most chemical com-
pounds, mainly HOMO and LUMO. The HOMO–LUMO
energy gaps, together with some other chemical para-
meters, are well known to be important in understanding
the optical and electrical properties of materials. The mole-
cular electrical properties of a molecule can be determined
by the HOMO–LUMO energy gap (ΔE); a molecule with a
low HOMO–LUMO energy gap has a high degree of che-
mical reactivity.

It has been observed that there is a direct correlation
between the stability of the compound and its hardness (η),
as well as its reactivity and softness (σ). Compounds with
high η have greater stability and lower reactivity, while
those with high σ are more reactive and less stable.
When undergoing a chemical reaction, a compound can
also be described as hard, less reactive, and more stable,
or soft, more reactive, and least stable. These two classifi-
cations can be identified by the parameters η and σ, respec-
tively. The ability of an atom or molecule to draw electrons
to itself is referred to as electronegativity (χ) in chemical
terms. The electrophilicity index (ω) quantifies the energy
stabilization that occurs when a system accepts an addi-
tional electron from its surroundings. These parameters
were derived using Koopmans’ theorem, which developed
a theoretical method for utilizing the electronic properties

of a system to predict the corresponding chemical activity
[50]. Table 1 presents all the equations used to calculate

= −E E EΔ ,LUMO HOMO and η, σ, and χ were calculated by
using the equations listed as follows:

A list of the calculated data used as a chemical reac-
tivity descriptor is shown in Table 2. The table shows that
Perr-NO2 is the most reactive compound because it has the
lowest energy gap value. As a result of having the largest
energy gap, Perr-CH3 was the most stable of all the studied
compounds. In line with the previous findings, the Perr-
NO2 compound was found to have the lowest hardness/
highest softness value and Perr-CH3 has the opposite beha-
vior. The highest value of electronegativity, which is a sign
of significant charge flow, was observed for Perr-NO2. Perr-
NO2 was identified as having an electrophilic nature and
high energy stabilization when accepting an electron pair
since it showed the highest electrophilicity value (ω =

4.74 eV). The previous findings show that the substitution
of the NO2 group on the base compound considerably
increased its chemical reactivity and provided it with
excellent electro-conductive properties.

The variation of HOMO and LUMO energy levels has
a major effect on photovoltaic properties such as light
absorption, intermolecular charge transfer, and charge
extraction/injection. Increases in the HOMO and LUMO
energy levels can be attributed to electron-donating func-
tional groups by adding more electrons to the system,
causing an increase in electron–electron repulsion. On
the other hand, electron-withdrawing groups remove elec-
trons, which can work to lower the HOMO and LUMO
energy levels. One form of reaction that has a detrimental
effect on electron transport within electroconductive mate-
rials is electrochemical oxidation for the excited electrons
delocalized within the LUMO. To prevent this kind of inter-
action, the LUMO energy level must be sufficiently low/
deep, or the electron affinity must be sufficiently high
[51]. Figure 2 depicts the HOMO and LUMO energy levels
of the studied pyrrole derivatives. As seen in the figure, the
electron-donating group NH2 was found to have the highest
level of HOMO in Perr-NH2, while Perr-CH3 displayed the

Table 1: All the equations used to calculate HOMO–LUMO energy gap
along with its associated quantum chemical parameters for designed
pyrrole derivatives

=E E EΔ ‒LUMO HOMO, (1)
( )=η ‒ ,
E E‒

2

HOMO LUMO (2)

=σ
η

1 , (3)

( )= +
χ ‒

E E

2

HOMO LUMO , (4)

=ω .
χ

η2

2 (5)

Table 2: HOMO–LUMO energy gap and its associated quantum chemical parameters for designed pyrrole derivatives

Compounds EHOMO (eV) ELUMO (eV) ΔE (eV) η (eV) σ (eV)−1 χ (eV) ω (eV)

Perr-CH3 −4.869 −0.968 3.901 1.951 0.51 2.919 2.18
Per-NH2 −4.737 −1.152 3.585 1.793 0.56 2.945 2.42
Perr-OH −4.766 −1.278 3.488 1.744 0.57 3.022 2.62
Perr-OCH3 −4.739 −1.232 3.507 1.753 0.57 2.986 2.54
Perr-Cl −5.208 −1.598 3.61 1.805 0.55 3.403 3.21
Perr-NO2 −5.631 −2.308 3.323 1.662 0.60 3.970 4.74
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highest level of LUMO. Compared to other derivatives, the
HOMO and LUMO levels dropped to their lowest levels as a
result of the electron-withdrawing NO2 group. This result
would provide the Perr-NO2 compound with more effective
electron injection capabilities and oxidation resistance.

Based on the contributions of the frontier molecular
orbital and their HOMO/LUMO distribution along the ske-
leton of the molecule, the intermolecular charge transfer
activity could be predicted. HOMO represents the electron
donor orbitals, while LUMO represents the electron accep-
tors orbitals, and they are scaling for the ionization poten-
tial and the electron affinity, respectively. The contour
plots in Figure 3 demonstrate that HOMO and LUMO orbi-
tals are dispersed along the whole conjugated framework
and share a common style for most derivatives. The thio-
phene and methyl groups in Perr-Cl and Perr-NO2 do not
form LUMO orbitals in contrast to the other derivatives
due to the strong electron-withdrawing Cl and NO2 groups.
The HOMO orbitals have a bonding feature within each
unit fragment. The LUMO orbitals reveal an anti-bonding
characteristic inside every component and a bonding char-
acteristic between the two neighboring fragments. The
substituent groups have no contribution in HOMO orbitals;
the same effect is seen in LUMO except for Perr-Cl and
Perr-NO2, where the functional groups have bonding orbi-
tals with the nitrogen of the pyrrole ring. There is a fully
conjugated distribution of HOMO and LUMO orbitals on
the central bridge ring, which provide an effective charge
transfer between the upper and lower 2,5-di(2-thienyl) pyr-
role chains. Both Perr-Cl and Perr-NO2 compounds promi-
nently display the latter effect by having a huge LUMO lobe
across the central ring. There is a perfect complementarity
between the HOMO and LUMO contribution within each

unit in Perr-Cl and Perr-NO2, which indicates a strong
intermolecular charge transfer within the two compounds.

The molecular electrostatic potential (MEP) is the net
electrostatic behavior caused by the total charge distribu-
tion at the surface of a molecule. MEP describes the
chemical activities of molecules in their interactions
with other chemical species. In MEP, different electrostatic
potential values are denoted by different colors. Blue and
red are color combinations that represent positive and
negative MEP regions, respectively, while the neutral elec-
trostatic potential is symbolized by the color white. The
positive electrostatic potential region is a prospective site
for the attack of electron-rich species (nucleophilic attack).
In contrast, the negative electrostatic potential region is
a potential position for the attack of electron-deficient
species (electrophilic attacks). Figure 4 displays the MEP
surfaces of all the investigated pyrrole derivatives. The
nitrogen of the pyrrole ring is where all payroll compounds
have their negative electrostatic potential regions. The
oxygen atom in the Perr-OH and Perr-OCH3 surpassed the
nitrogen of the pyrrole ring as the spots with the most
negative electrostatic potential. The Perr-Cl and Perr-NO2

groups have a slightly negative electrostatic potential due
to a smaller proportion of negative charge. All of the afore-
mentioned locations constitute the prime targets for elec-
trophilic attacks. On the other hand, the hydrogen atoms of
methyl groups and the hydrogen atoms of the central
carbon atoms are sources of positive electrostatic potential.
The largest positive potential zones were found to be on
the hydrogens of the hydroxyl and amine groups, as well
as, to a lesser extent, on the hydrogens of the methoxy
group. These locations could potentially act as sites for
the nucleophilic attack.

Figure 2: Positions of the HOMO and LUMO energy levels of the designed pyrrole derivatives on the energy scale.
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A common technique for describing the electronic
environment of an atom and classifying chemical bonds
is the surface analysis of the ELF and the LOL. ELF has
been identified based on the electron pair density, and
LOL is used to represent a gradient of localized orbitals
where localized orbitals overlap [52]. The ELF map was
constructed within the range of 0.0 to 1.0, with the region
representing the bonding and non-bonding localized elec-
trons falling between 0.5 and 1.0 (red color) and the

delocalized electrons represented by smaller values <0.5
(blue color). The LOL is a simple manner of the ELF, with
the distinction that its values are in the range from 0 to 0.8.
The formation of a covalent bond involving a lone pair or
inner shells of an atom, which denote highly localized elec-
trons, is indicated by a large value of LOL or red color. The
contour color maps that depict the ELF and LOL patterns of
the pyrrole derivatives are shown in Figures 5 and 6. A
localized electron cloud interaction is shown by the high
value of the red region surrounding the hydrogen atoms.
The last two compounds, Perr-Cl and Perr-NO2, exhibited a
noticeable drop in the intensity of the red color, which
could be a result from the stronger withdrawing groups,
Cl and NO2. The delocalized electron clouds surrounding
some carbon atoms in the studied compounds can be seen
in blue areas, which implies that these regions of the com-
pound are the potential sites of interactions with other
molecules or atoms. The covalent locations (high LOL
value/red color) between the carbon and hydrogen atoms
were slightly found in Perr-CH3 and Perr-NH2, increased in
Perr-OH and Perr-OCH3, and limited to the thiophene ring
in Perr-Cl and Perr-NO2. The red and blue colors of Perr-OH
and Perr-OCH3 were equally distributed, indicating a com-
bination of bonding and non-bonding electrons, whereas
the terminals and core carbon rings of Perr-Cl and Perr-

Figure 3: Distribution of HOMO and LUMO frontier molecular orbitals of
all the derivatives under investigation.

Figure 4: Maps of MEP of all the derivatives under investigation.
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Perr-OH 

Perr-CH3 Perr-NH2

Perr-OCH3

Perr-Cl

2

Perr-NO2

Figure 5: ELF contour maps for the studied pyrrole derivatives.
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Perr-CH3 Perr-NH2

Perr-OH Perr-OCH3

Perr-Cl Perr-NO2

Figure 6: LOL contour maps for the studied pyrrole derivatives.
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Perr-CH3

Perr-NH2

Perr-NH2

2

Figure 7: Plots of NCI (left) and RDG (right) for Perr-CH3, Perr-NH2, and Perr-OH derivatives.
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Perrr-OCH3

Perrr-Cl 

Perrr-NO2

Figure 8: Plots of NCI (left) and RDG (right) for Perr-OCH3, Perr-Cl, and Perr-NO2 derivatives.

10  Mamduh J. Aljaafreh and Rageh. K. Hussein



NO2 exhibited a high concentration of delocalized elec-
trons, as demonstrated by the blue color.

The analysis of NCI is facilitated by the efficient
approach known as RDG, which investigates electron den-
sity and its derivatives in real space [53]. In both small
molecules and molecular complexes, RDG can be used to
distinguish between steric repulsion, van der Waals inter-
actions, and hydrogen bonds. Multiplying the electron
density (ρ) by the sign of the second eigenvalue λ2 is a
recommended method for distinguishing between different
kinds of interactions. The three types of interactions that can
be distinguished based on the product of (λ2)ρ are attractive
interactions, such as hydrogen bonds or dipole–dipole inter-
actions, indicated by negative values of (λ2)ρ; nonbinding
interactions of a repulsive nature, indicated by large posi-
tive values of the sign (λ2)ρ; and weak interactions, like van
der Waals interactions, where (λ2)ρ values are close to zero.
The strength of the interaction is indicated via graphs that
plot RDG versus (λ2)ρ values. The strong attraction is shown
by large negative values of sign (λ2)ρ (blue color), the very
weak interaction is marked with values closer to zero (green
color), and the repulsive interaction is shown by large posi-
tive values (red color). The plots of NCI and RPG iso-surfaces
are shown in Figures 7 and 8, and the values of sign (λ2)ρ are
collected in Table 3. The small blue, green, and red colored
patches on the NCI plot aid in understanding the various
types of interactions according to the location of the lowest
spikes (dashed points) on the horizontal scale of the RDG
plot. According to the figure analysis, all derivatives have
strong (steric) repulsive interactions at 0.038 a.u (red color),
mainly located at the centers of the thiophene and pyrrole
rings. A patch with amixture of the three colors between the
thiophene rings and the substituent groups represents the
three types of interactions. A small attractive interaction is
observed clearly at −0.017, and −0.015 a.u. in Perr-NH2 and
Perr-OH, and −0.013 a.u. for both Perr-OCH3 and Perr-NO2.
All of the compounds exhibit the van der Waals interaction,
with the exception of NO2. There is also a small steric repul-
sion (light brown) at 0.013, 0.018, 0.012, and 0.013 a.u.,

Table 3: Values of the product (λ2)ρ to distinguish the types of interac-
tions for all the derivatives under investigation

Compounds Repulsive
interactions
sign (λ2)ρ > 0

Weak
interactions
sign (λ2)ρ ≈ 0

Attractive
interactions
sign (λ2)ρ > 0

Perr-CH3 — −0.0079 0.038
Per-NH2 −0.017 −0.0092 0.038

0.013
Perr-OH −0.015 −0.0094 0.038

0.018
Perr-OCH3 −0.013 −0.0080 0.038

0.012
Perr-Cl — −0.0074 0.038
Perr-NO2 −0.013 — 0.038

0.013

Figure 9: Simulated UV/vis absorption spectra of the studied pyrrole
derivatives.

Table 4: Calculated wavelength, excitation energies, oscillator strengths, and main transition associated with each UV band for the studied pyrrole
derivatives

Compounds Wavelength (nm) Energy (eV) Oscillator strength Transition Major contribution

Perr-CH3 308.403 4.02 1.461 HOMO → LUMO 88%
Perr-NH2 332.370 3.730 1.684 HOMO → LUMO 66%

273.689 4.530 0.477 HOMO → L + 2 30%
Perr-OH 343.617 3.608 1.806 HOMO → LUMO 91%
Perr-OCH3 341.837 3.627 1.713 HOMO → LUMO 76%
Perr-Cl 351.349 3.528 0.237 HOMO → LUMO 69%
Perr-NO2 377.345 3.286 0.2751 HOMO → LUMO 60%

292.243 4.242 0.044 H-1 → LUMO 36%
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respectively. Finally, the mixed color spikes between the
thiophene and center rings imply C–H……. π interaction.

3.1 UV/vis spectrum

One intrinsic photophysical property of molecules is the
UV/vis spectrum, which is produced when light is absorbed
by electrons that are excited to higher energy levels. The
potential of a molecule to readily oxidize could be regarded
as a fundamental characteristic for predicting its reac-
tivity; this property corresponds to a high UV absorption
wavelength. Figure 9 displays the stimulated absorption
spectra of pyrrole-modified compounds with their asso-
ciated data reported in Table 4. Each derivative displays
a single-absorption peak, which corresponds to a HOMO-
to-LUMO electronic transition, except for Perr-NH2 and
NO2, which have additional peaks related to HOMO → L + 2
and H-1 → LUMO, respectively. Red-shifted increases were
observed in the calculated maximum wavelength as the sub-
stituent groups moved on from CH3 to NO2, according to the
legend chart included in the figure, with a small exception
that Perr-OCH3 has a slightly smaller wavelength than Perr-
OH. The increased λmax in that order may be due to the
stronger electron-withdrawing capacity order for the substi-
tuent. Perr-NO2 has the highest maximum wavelength value,
revealing the high conductivity in interaction, which is com-
patible with its low energy gap value. Finally, absorption
bands were found within the UV region (λmax ≈ 292 to
377 nm). Several derivatives of 2,5-di(2-thienyl)pyrrole mate-
rials exhibit a similar behavior in terms of their absorption
spectra [54–56]. Several gasmolecules exhibit high absorption
in the UV/vis (180–400 nm); hence, a selective sensor frame-
work can be developed by exploiting the absorption proper-
ties of these compounds.

4 Conclusions

Six pyrrole–thiophene compounds were designed based on
the 2,5-di(2-thienyl) pyrrole molecule to attain high optoe-
lectronic and sensing properties. The results showed that
the Perr-NO2 molecule exhibited the lowest LUMO energy
level, indicating its effective electron injection capabilities
and oxidation resistance. The Perr-Cl and Perr-NO2 com-
pounds exhibited complementary HOMO and LUMO distri-
butions, suggesting effective intermolecular charge transfer,
which reveals their dispersion over the entire conjugated
backbone with bonding and anti-bonding characteristics.
The chemical reactivity was evaluated by determining reac-
tivity descriptors such as hardness, softness, electrophilicity,

and electronegativity. Perr-NO2 was found to have the lowest
hardness, highest softness, and highest electronegativity and
electrophilicity.

MEP was used to define the compounds’ electrophilic
and nucleophilic regions in order to figure out how it inter-
acted with other molecules. The theoretical UV/vis spectra
showed absorption bands in the UV range associated
with the π–π* transition, and the maximum wavelength
exhibited red-shifted increases. This proposes that the
compounds could be used as base materials to develop
selective sensors for gases with UV/vis absorption proper-
ties. These results are predicted to be important for further
research into the types of the studied compounds to tailor a
highly effective functional device.
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