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Abstract

In this communication, the structural, vibrational, electronic, and optical properties of DH4T, a dialkyl-substituted
quaterthiophene, were investigated using density functional theory. The molecular geometry was optimized at the
B3LYP/6-311G(d,p) level using Gaussian 09, followed by analysis of the vibrational spectra, frontier molecular orbitals,
electronic properties, and electron-density distribution. The calculated IR spectrum exhibits prominent features near 560,
1250, and 1600 cm™', while the Raman spectrum shows notable bands around 1100 and 1500 cm™. The calculated UV-
visible spectrum displays a prominent absorption near 450 nm, corresponding to an optical energy of approximately 2.76
eV. The calculated HOMO and LUMO energies are -4.8232 and -1.7780 eV, respectively, giving a HOMO-LUMO
separation of 3.0452 eV. Global reactivity descriptors were also evaluated to characterize the electronic behaviour of the
molecule. The combined vibrational, electronic, and optical results provide a molecular-level understanding of DH4T
and indicate its potential relevance for further investigation as a conjugated organic material for optoelectronic
applications.
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1. Introduction

n-Conjugated organic molecules have attracted considerable attention as functional materials because their electronic
structures and optical properties can be tuned through molecular architecture and chemical substitution. In particular,
oligothiophenes and quaterthiophene derivatives possess extended m-conjugated backbones that facilitate electronic
delocalization and make them interesting candidates for organic electronic and optoelectronic applications. Substitution
with alkyl chains can further influence molecular solubility, processability, and intermolecular interactions, thereby
providing additional control over the properties of these materials [1-3].

DHA4T, a dialkyl-substituted quaterthiophene, represents an interesting molecular system in which an extended thiophene
framework is combined with alkyl substitution. Understanding its structural, vibrational, electronic, and optical
characteristics at the molecular level is important for assessing its potential in functional organic materials. Infrared and
Raman spectroscopy provide complementary information on molecular vibrations, while UV-visible spectroscopy gives
insight into electronic excitations and optical absorption. Computational approaches can complement these
spectroscopic investigations by relating the calculated properties to the molecular electronic structure [4,5].

Density functional theory (DFT) has become an established approach for studying the geometrical and electronic
properties of organic molecules. The B3LYP functional, in combination with suitable basis sets, has been extensively
employed for molecular structure, vibrational frequencies, frontier molecular orbitals, and related electronic properties
[6-8]. In addition, frontier molecular orbital analysis and conceptual-DFT descriptors provide useful information about
the electronic structure and chemical behaviour of molecular systems [9,10].
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In this communication, we present a DFT-based investigation of DH4T focusing on its optimized molecular structure,
vibrational characteristics, IR and Raman spectra, UV-visible absorption, frontier molecular orbitals, HOMO-LUMO
energy separation, and global reactivity parameters. The calculated results provide a concise molecular-level description
of DHAT and its electronic and optical characteristics.

2. Methodology

The molecular geometry of DH4T was optimized using density functional theory with the B3LYP hybrid exchange-
correlation functional and the 6-311G(d,p) basis set, as implemented in Gaussian 09 [6,11]. The optimized geometry
was used for subsequent electronic and vibrational calculations. Harmonic vibrational-frequency calculations were
performed at the same level of theory to obtain the IR and Raman spectra and to characterize the normal modes of the
optimized structure. The calculated vibrational frequencies were analyzed using the corresponding normal-mode
displacement vectors, while molecular structures, vibrational modes, and frontier molecular orbitals were visualized
using GaussView 5.0.

The electronic properties were analyzed through the HOMO and LUMO energies and their energy separation. The
ionization potential and electron affinity were estimated from the frontier-orbital energies, and the global reactivity
descriptors were calculated using the conventional conceptual-DFT relationships [9,10]:

I+A I1-A 1 u?
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The optical properties were evaluated from the calculated electronic transitions. The resulting excitation wavelengths
and oscillator strengths were used to analyze the UV-visible absorption characteristics of DH4T. The calculated spectral
and electronic parameters were subsequently correlated with the extended n-conjugated molecular framework to provide
an integrated description of its structural, vibrational, and optoelectronic properties.

3. Result and discussion

The molecular geometry of DH4T was optimized using the B3LYP/6-311G(d,p) method. The optimized structure is
shown in Fig. 1. DHAT consists of an extended quaterthiophene framework in which four thiophene units form the
principal conjugated backbone, while the alkyl substituents provide additional molecular flexibility and can influence
the solubility and processing characteristics of the molecule. The optimized geometry was subsequently used for the
vibrational, electronic, and optical calculations.
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Fig (1) Optimized structure of DH4T molecule.
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3.1 IR spectra

The calculated infrared (IR) spectrum of DHA4T is presented in Fig. 2. The spectrum provides a characteristic vibrational
fingerprint of the optimized molecular structure. Several prominent bands are observed in the calculated spectrum, with
notable features occurring near 560, 1250, 1600, 3000, and 3240 cm™".
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The bands in the lower- and middle-frequency regions are mainly associated with skeletal and deformation modes of the
conjugated molecular framework, whereas the higher-frequency region is associated with C—H stretching vibrations. In
particular, the calculated mode at 3046.10 cm™ is assigned to C—H stretching of the conjugated framework. The
calculated vibrational modes listed in the manuscript range from 231.73 to 3046.10 cm™.
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Fig (2) Calculated infrared spectrum of DH4T showing the characteristic vibrational absorption bands of the molecule.

The prominent feature around 1250 cm™ can be associated with vibrational motions involving the C—H/C—-C framework,
while the band near 1600 cm™ occurs in a region characteristic of skeletal stretching vibrations within the conjugated
system. However, individual normal modes may involve coupled atomic motions; therefore, detailed assignments should
be based on the corresponding calculated normal-mode displacement vectors rather than frequency values alone.

3.2 Modes of vibrations

The calculated vibrational frequencies of DH4T were analyzed by examining the corresponding normal-mode
displacement vectors. The lower-frequency region is predominantly associated with skeletal deformations and collective
motions of the conjugated quaterthiophene framework, whereas the intermediate-frequency modes mainly involve C—C
and C-H bending and ring deformation. The band at 3046.10 cm™ is assigned to C—H stretching vibrations of the
aromatic/thiophene framework. The calculated frequencies provide a characteristic vibrational fingerprint of the
optimized DH4T molecule tabulated in table 1.

Table 1: Modes of vibration in DH4T molecule.

S.N. Frequency | Modes of vibrations

1 451.16 Bending between C-H bond

2 551.81 Symmetric stretching between C-H bond
3 845.36 Scissoring between C-C bond

4 1053.27 Bending in C-C thiopene ring

5 1221.84 Rocking in C-H thiopene ring

6 1238.81 Scissoring between carbon of two ring

© 2026, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM67637 | Page 3



https://ijsrem.com/

SJIF Rating: 8.659

<Journal

W Volume: 10 Issue: 10 | Oct - 2026

A ]
A
@Rﬁ International Journal of Scientific Research in Engineering and Management (IJSREM)
ISSN: 2582-3930

7 1251.56 Rocking in C-H bond
8 1429.62 Wagging C-H bond
9 3046.10 Asymmetric stretching C-H bond

3.3 UV-Vis spectra
The calculated UV—visible spectrum of DH4T is shown in Fig. 3. The spectrum exhibits a prominent absorption band at

approximately 450 nm, which lies in the visible region. This absorption is associated with an electronic excitation
involving the extended m-conjugated quaterthiophene framework of DH4T. The presence of a visible-region absorption
band reflects the ability of the conjugated molecular backbone to undergo relatively low-energy electronic excitation.

The corresponding photon energy can be estimated from

E="%~276ev
A
This value represents the energy corresponding to the 450-nm optical absorption and should not be identified directly

with the calculated HOMO-LUMO energy separation. In the present calculation, the HOMO and LUMO energies are -
4.8232 and -1.7780 eV, respectively, giving a frontier-orbital separation of 3.0452 eV. These quantities describe different
aspects of the electronic structure: the HOMO-LUMO difference is an orbital-energy descriptor, whereas the

wavelength-derived value corresponds to the optical transition energy.
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Fig (3) Calculated UV-visible absorption spectrum of DH4T showing the prominent absorption band near 450 nm.

The calculated absorption therefore provides useful information about the optical response of DH4T and, together with
the frontier molecular orbital analysis, indicates the influence of its extended m-conjugated framework on its electronic
properties. A definitive assignment of the 450-nm band to a particular orbital transition, such as HOMO—LUMO, should

be made only from the corresponding excited-state calculation and molecular-orbital contributions.

3.4 Raman Activity
The calculated Raman spectrum of DH4T is presented in Fig. 4. Raman spectroscopy provides complementary

information to the IR spectrum because Raman-active vibrations are associated with changes in molecular polarizability.
The calculated spectrum of DH4T exhibits prominent Raman features near 1100 and 1500 cm™, as observed in the

simulated spectrum.
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The Raman bands in this region can be attributed to vibrational motions involving the conjugated molecular framework,
including coupled C—C stretching and skeletal deformation modes of the thiophene units and their substituents. The
calculated feature near 1100 cm™ is particularly associated with vibrations involving the carbon framework, while the
band around 1500 cm™ occurs in a region characteristic of vibrations of the conjugated backbone. Since individual
normal modes can involve coupled atomic motions, the detailed assignments should be confirmed from the
corresponding calculated normal-mode displacement vectors.
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Fig (4) Calculated Raman spectrum of DH4T showing prominent vibrational features near 1100 and 1500 cm™.

The calculated Raman spectrum therefore provides complementary information to the IR spectrum and further
characterizes the vibrational behaviour of DH4T. The predicted Raman features may also serve as useful reference points
for future experimental spectroscopic investigations of the molecule.

3.5 Frontier molecular orbital analysis

The frontier molecular orbital (FMO) distribution of DH4T is shown in Fig. 5. The calculated HOMO and LUMO
energies are -4.8232 eV and -1.7780 eV, respectively, giving a HOMO-LUMO energy separation of 3.0452 eV.

The HOMO and LUMO distributions provide information about the electronic structure of the conjugated DH4T
framework. The spatial distribution of these orbitals can be used to identify the regions of the molecule that are
predominantly involved in electron donation and electron acceptance. For a m-conjugated molecule such as DH4T, the
frontier orbitals are particularly relevant to understanding its electronic excitation and optical response.

The calculated HOMO-LUMO separation of 3.0452 eV represents the difference between the corresponding Kohn-
Sham orbital energies. A relatively substantial orbital separation indicates that an appreciable amount of energy is
required to alter the frontier-orbital electronic configuration. However, the HOMO-LUMO gap should be regarded as
an electronic-structure descriptor rather than directly equated with the optical excitation energy obtained from the UV-
Vis calculation.
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Fig (5) Spatial distributions of the HOMO and LUMO of DHAT calculated at the B3LYP/6-311G(d,p) level, showing a
HOMO-LUMO energy separation of 3.0452 eV.

The FMO analysis, together with the calculated absorption near 450 nm, provides complementary information about the
electronic and optical behaviour of DH4T. The combined results demonstrate the influence of the extended n-conjugated
framework on the frontier electronic structure of the molecule.

3.6 Global reactivity parameters

The global reactivity descriptors were calculated from the HOMO and LUMO energies to assess the electronic
characteristics of DH4T. The calculated ionization potential and electron affinity are 4.8232 and 1.7780 eV, respectively.
The corresponding electronegativity and chemical potential are 3.3006 and -3.3006 eV. The chemical hardness is 1.5226
eV, while the corresponding softness is 0.3284 eV~'. The positive hardness value indicates a moderate resistance of the
molecule toward changes in its electronic distribution, whereas the softness value provides a complementary measure
of its electronic flexibility. The calculated electrophilicity index is approximately 3.58 eV, indicating the electron-
accepting character of the molecule within the adopted conceptual-DFT framework. The HOMO-LUMO energy gap of
3.0452 eV further characterizes the electronic structure of DH4T.

Table 2: Global reactivity parameters of DH4T molecule.

Global reactivity parameters DH4T
HOMO (eV) -4.8232
LUMO (eV) -1.7780
P 4.8232
EA 1.7780
Electronegativity 3.3006
Chemical potential -3.3006
Hardness 1.5226
Softness 0.6568
Electrophilicity index 3.5800
Energy gap 3.0452

© 2026, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM67637 | Page 6



https://ijsrem.com/

-'g, ‘33
A
@E@ International Journal of Scientific Research in Engineering and Management (IJSREM)
W Volume: 10 Issue: 10 | Oct - 2026 SJIF Rating: 8.659 ISSN: 2582-3930

3.7 Electron-Density Analysis

The calculated electron-density distribution of DH4T is presented in Fig. 6. Electron density provides information about
the spatial distribution of electrons within the molecule and therefore helps in understanding the distribution of electronic
charge across the molecular framework.

The calculated distribution reflects the electronic character of the conjugated quaterthiophene framework and provides
a visual representation of the regions with different electron densities. The distribution is influenced by the molecular
geometry, conjugated m-electron system, and the presence of the substituent groups. Such an analysis complements the
frontier molecular orbital results by providing additional information about the overall electronic distribution of the
molecule.

Fig (6) Calculated electron-density distribution of DH4T showing the spatial distribution of electronic charge over the
molecular framework.

The electron-density surface should be interpreted carefully in relation to the quantity actually plotted. If the surface in
Fig. 6 is an electrostatic-potential (ESP/MEP)-mapped electron-density surface, the colour regions represent variations
in electrostatic potential rather than electron density itself. Therefore, the colour scale should be described according to
the legend of the calculated surface rather than simply assigning red to “high electron density” and blue to “low electron
density.” The present manuscript describes the figure in terms of red and blue electron-density regions, but the exact
plotted quantity should be verified from the Gaussian/GaussView calculation.

Conclusion:

In the present study, the structural, vibrational, electronic, and optical properties of DH4T were investigated using
density functional theory. The optimized molecular structure and calculated vibrational spectra provide useful insight
into the characteristic features of this conjugated quaterthiophene system. The calculated IR spectrum shows prominent
bands in the low-, mid-, and high-frequency regions, including notable features around 1250 and 1600 cm™, while the
Raman spectrum exhibits strong features near 1100 and 1500 cm™. These vibrational characteristics reflect the different
stretching and bending motions of the conjugated molecular framework.

The calculated UV-Vis spectrum shows a prominent absorption band around 450 nm, corresponding to an optical
transition energy of approximately 2.76 eV. The frontier molecular orbital analysis gives HOMO and LUMO energies
of -4.8232 and -1.7780 eV, respectively, resulting in a HOMO-LUMO energy separation of 3.0452 eV. The calculated
global reactivity descriptors further provide information about the electronic character and chemical response of DH4T.
The molecule also exhibits a dipole moment of 0.3912 Debye, indicating a relatively low overall molecular polarity.
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