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candidates for active media in nanoscale optoelectronic applications. Benzodichalco-
genophene (BDC) derivatives, in particular, exhibit rigid planar geometries and tunable
electronic properties, making them attractive for use in single-molecule laser devices. This
study theoretically examines the structural, electronic, optical, and charge transport
properties of several BDC molecules using advanced computational methods. Geometry
optimizations were conducted with the Perdew Burke Ernzerhof (PBE) functional via the
SIESTA package, while electronic properties were evaluated at the B3LYP/3-21G level
Time-dependent density functional theory (TD-DFT) was employed to simulate optical
absorption spectra, and the GOLLUM code was used to model charge transport through
molecular junctions based on non-equilibrium Green’s function formalism. The findings
reveal that increasing molecular length narrows the highest occupied molecular orbital-
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lowest unoccupied molecular orbital (HOMO-LUMO) gap, enhances orbital delocalization,
and improves electron transmission. Optical simulations revealed red-shifted absorption
peaks and increased oscillator strengths, indicating enhanced light-matter interactions.
Furthermore, density of states analysis confirmed the transition from HOMO- to LUMO-
dominated transport with greater conjugation. Overall, BDC derivatives show strong
potential for integration into molecular-scale lasers and optoelectronic devices, paving the
way for future experimental and technological advancements.

Among the various candidates explored for this
purpose, benzodichalcogenophenes (BDCs) have attracted

1. Introduction

Carbon-based molecular junctions, such as carbon
nanotubes and graphene nanoribbons, have become
foundational elements in the evolution of nanoscale
electronics due to their outstanding electrical conductivity,
mechanical robustness, and thermal stability [ 1-3]. One of
the pivotal goals in this domain is to identify and optimize
molecular-scale semiconductors that can bridge nanogaps
between metal electrodes while maintaining desirable
charge transport properties [4].
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significant attention due to their unique structural and
electronic characteristics. These compounds are composed
of five-membered heterocycles fused with six-membered
aromatic rings and contain heteroatoms such as sulphur (S)
and oxygen (O), which enable tunability in electronic
properties. Their rigid, planar n-conjugated frameworks
facilitate delocalized electron transport, minimize
structural deformation, and offer favourable highest
occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) alignments for electronic
applications [5, 6].
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The variation in molecular structure, specifically
changes in conjugation length and heteroatom substitution,
directly affects key optoelectronic properties, including the
HOMO-LUMO energy gap, charge carrier mobility, and
oscillator strength. An increase in m-conjugation generally
leads to a reduction in the HOMO-LUMO gap, enhancing
the material's ability to interact with light and improvingits
potential performance in charge transport and photonic
applications [7, 8]. These structure—property relationships
are most effectively probed using computational
techniques such as density functional theory (DFT) and
time-dependent DFT (TD-DFT), which offer a predictive
insight into the impact of geometric modifications on
electronic behaviour [9, 10].

The potential of organic m-conjugated molecules in
photonic applications, particularly as active gain media in
single-molecule lasers, has gained increasing momentum.,
Compared to inorganic laser materials, organic systems
offer distinct advantages, including solution processability,
structural diversity, and tunable emission spectra [11].
When excited optically or electrically, these molecules can
undergo radiative transitions necessary forlasing, thereby
enabling the development of low-cost, tunable, and
miniaturized photonic components [12, 13].

Several classesoforganic moleculeshave demonstrated
promising lasing capabilities, including oligothiophenes,
diketopyrrolopyrroles  (DPPs), polyfluorenes, and
BODIPY-based dyes [14—17]. These systems typically
exhibit high photoluminescence efficiency, strong
oscillator strengths, and tunable optical properties.
However, many arehindered by issuessuchas aggregation-
induced quenching (AIQ), poor environmental stability, or
structural non-planarity under excitation [18,19]. In
contrast, BDC derivatives offer structural rigidity and
electronic tunability, positioning them as promising,
though relatively underexplored, candidates for next-
generation laser-active media [20].

In response to the growing demand for predictive
modelling in optoelectronic material design, numerous
studies have utilized DFT to investigate organic and hybrid
compounds. For example, Maadhu and Gandhiraj [21]
applied DFT to bis-morpholinium zinc bromide crystals,
uncovering notable optical band gaps and nonlinear optical
behaviour. Maadhu et al. [22] explored a mercury-based
metal-organic framework (BMMC), correlating DFT-
derived frontier orbitals with experimentally observed
absorption spectra. Maadhu et al. [23] analysed
pyridinium-based organic crystals, revealing efficient
photon absorption and notable stability. Maadhu et al. [24]
also examined morpholinium bromide crystals and
identified key electronic transitions relevant for optical
applications using DFT.

While these studies underscore the effectiveness of
DFT inelucidatingoptical and electronic behaviours across
diversematerials, most focus on non-conjugatedsystems or
metal-organic hybrids. The present investigation addresses
this gap by targeting m-conjugated BDC derivatives to
elucidate how systematic variation in molecular length
influences optoelectronic responses.

This work adopts a combination of DFT, TD-DFT, and
non-equilibrium Green’s function (NEGF) formalism to
assess the structural, optical, and transport properties of
BDC molecules. The methodology includes geometry

optimization, electronic structure analysis, simulation of
absorption spectra and oscillator strengths, and modelling
of electron transmission through molecular junctions using
the GOLLUM code [25]. Theoretical insights derived from
these calculations aim to inform the design of BDC-based
systems for advanced optoelectronic and photonic
applications.

2. Materials and computational methods

To examine the optoelectronic behaviour of single-molecule
junctions based on BDC, the authors implemented
a sequence of computational methods that integrate the
NEGF formalism with DFT. These techniques are
indispensable for assessing molecular geometries, electronic
structures, charge transport mechanisms, and optical
absorption behaviour at the nanoscale [26, 27].

A combination of first-principles quantum mechanical
methods was employed to investigate the optoelectronic
performance of BDC-basedsingle-molecule junctions [28].

2.1. Molecular structure optimization

Initial geometries of the BDC molecules (designated as 1B
through 5B) were constructed and fully optimized in the
gas phase using the SIESTA simulation package [29].
Structural relaxation was performed using the generalized
gradient approximation (GGA) with the Perdew Burke
Ernzerhof (PBE) exchange-correlation functional [30]. A
double-zeta polarized (DZP) basis set was applied to
describe atomic orbitals and areal-space grid with a cut-off
energy of 250Ry was used [31]. The geometry
optimization was considered complete when the maximum
force on any atom fell below 0.01 eV/A.

Allmolecules maintained theirrigid, planar -conjugated
backbones after relaxation, an essential feature for
electronic stability in molecular junctions [32]. Molecular
lengths were extracted for each relaxed geometry and are
presented in Table 1.

Table 1.
The compounds and molecular length.
No. molecule L (nm)
1B 2.0
2B 2.4
3B 33
4B 4.2
5B 5.1

2.2. Electronic structure calculations

The B3LYP hybrid functional combined with a 6-31G
basis set was used to perform electronic structure analysis.
This degree of theory reliably describes the border
molecular orbitals, specifically HOMO and LUMO [33].
The HOMO-LUMO energy gaps were calculated and
orbital density plots were generated to visualize electron
delocalization across the molecular backbone, which plays
a crucial role in charge transport efficiency [34].
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2.3. Transport simulations

To study the transport behaviour of the BDC molecules,
each optimized structure was positioned between two
35-atom gold electrodes arranged in a pyramidal configu-
ration. The resulting molecular junctions were analysed
using the GOLLUM quantum transport code [35].
Transport properties such as transmission spectra, electron
tunnelling probabilities, and zero-bias conductance were
calculated using the NEGF approach. This method
accurately models charge flow through a molecule under
open boundary conditions, replicating the behaviour of
real-world electronic devices [36].

2.4. Optical property analysis

TD-DFT calculations atthe B3LYP/6-31G level were used
to determine the UV-visible absorption spectra of all BDC
molecules. These calculations yielded excitation energies,
maximum absorption wavelengths (Amax), and oscillator
strengths [37]. The main transitions were identified as
HOMO-LUMO in character, with longer molecules
showing stronger absorption and larger oscillator strengths
indicative of the enhanced light-matter interaction [38].
This trend supports their suitability as active laser media in
molecular-scale optoelectronic systems [39].

3. Results and discussion

This section presents a comprehensive analysis of the
structural, electronic transportand optical properties of the
BDC-based molecular systems (1B to 5B). The authors’
findings illustrate how molecular length and conjugation

influence electron transport and light-matter interactions,
confirming the potential of these systems for nanoscale
optoelectronic and photonic applications [40].

3.1 Structural and geometrical properties

The relaxed molecular geometries, depicted in Fig. I,
reveal a progressive extension of the BDC molecular
backbone across the series (1B to 5B), while consistently
preserving a planar n-conjugated structure. This structural
planarity is essential for maintaining n-orbital overlap,
enabling continuous delocalization of charge carriers along
the molecular axis, which is a prerequisite for efficient
electron transport in molecular junctions [41,42]. The
rigidity conferred by the fused aromatic and heterocyclic
rings minimizes conformational distortions, even as the
conjugated length increases. This characteristics is
particularly beneficial under electrical bias, as fluctuations
in molecular geometry are known to disrupt conductance
pathways and induce scattering losses [43, 44].

The optimized lengths of the molecules range from
2.0nm (1B) to 5.1 nm (5B), as shown in Table 1. Despite
this increase in molecular length, no significant deviation
from planarity is observed, indicating high structural
resilience and mechanical stability. Such preservation of
molecular integrity across different chain lengths ensures
uniform coupling to metal electrodes, reduces junction
instability, and supports reproducible charge transport
performance in device architectures [45]. This observation
confirms that the BDC framework is inherently well-suited
forelectronic applications that require structural robustness
and coherent charge propagation at the molecular scale.
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Fig. 1. Optimized gas-phase geometries of five BDC derivatives, labeled 1B through 5B. Each structure consists of alternating sulphur
(yellow) and oxygen (red) heteroatoms fused into m-conjugated aromatic systems. The molecular length increases systematically
from 2.0 nm (1B) to 5.1 nm (5B) with the addition of BDC repeat units.
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3.2 Electronic structure properties

To gain a deeper understanding of the electronic behaviour
of BDC molecules and theirrole in charge transport within
molecular junctions, the authors carried out a detailed
analysis of the frontier molecular orbitals using DFT at the
B3LYP/3-21G level of theory, which provides a reliable
balance between computational efficiency and accuracy for
conjugated organic systems [43, 46].

The results revealed that the HOMOs are primarily
localized on the heteroatoms, particularly S and O, as well
as portions of the aromatic backbone. In contrast, the
LUMOs appear more delocalized along the conjugated
carbon framework, especially across C—C bonds [47]. This
contrast in orbital distribution suggests that charge
transport in these molecules is likely dominated by the
HOMO, especially in shorter chains, where the HOMO is
more effectively aligned with the electrode interfaces [48].
The spatial distribution of these frontier orbitals is
visualized in Fig. 2, highlighting the HOMO localization
and LUMO delocalization across the molecular
frameworks.

In molecules featuring pyridine anchor groups, the
LUMO shows a slightly higher charge density than the
HOMO. However, its lower orbital weight implies a
limited contribution to electron transport under standard
conditions [49]. This difference in orbital composition
suggests that the likelihood of junction formation may be
high, although it may be accompanied by junction
instability in specific configurations due to electronic
asymmetry [50].

Furthermore, in short-chain BDC molecules, the contrast
between HOMO localization primarily on heteroatoms and
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adjacent aromatic rings and the delocalization of the
LUMO across the conjugated carbon backbone plays a key
role in defining charge transport behaviour. The localized
HOMO enables stronger electronic coupling with the
electrode interface, enhancing hole injection and
facilitating HOMO-mediated transport. Meanwhile, the
more delocalized but energetically misaligned LUMO
contributes less to electron transport in short chains due to
its reduced spatial overlap and greater energy offset from
the Fermi level. As the molecular length increases, this
asymmetry diminishes, promoting LUMO-mediated
electron conduction. This evolution reflects a length-
dependent transition in transport pathways, reinforcing the
structural tunability of BDC systems for molecular
electronics [4, 42].

The computed HOMO-LUMO energy gaps, presented
in Table2, show a clear and consistent decrease with
increasing molecular length from 3.89 eV in the shortest
molecule (1B) to 2.4 eV in the longest (SB). This trend can
be attributed to the quantum size effect, where longer
conjugation paths enhance m-delocalization and reduce
excitation energies [48]. This narrowing of the electronic
bandgap is favourable for semiconducting behaviour and
optoelectronic applications [51].

All molecules exhibited HOMO localization and
LUMO delocalization, supporting efficient intramolecular
charge separation [52]. Furthermore, the distribution of
aromatic rings and molecularsymmetryappear to influence
the energy and alignment of the frontier orbitals. These
findings confirm that BDC-based molecules possess
tunable electronic properties, making them promising
candidates for applicationin molecular-scale electronicand
optoelectronic devices [32].
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Fig. 2. Visual representation of the HOMO and LUMO for a series of BDC derivatives labeled 1B through 5B.
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Table 2.
HOMO, LUMO energies and energy gap.

Molecules L (nm) HOMO (eV) LUMO (eV) H-Lgap IM (eV)
1B 2.0 —1.84 =5.7 3.89
2B 2.4 —5.63 —2.44 3.1
3B 33 -5.30 -2.5 2.8
4B 4.2 -5.22 2.6 2.6
5B 5.1 =5.19 2.7 2.4

3.3 Transport characteristics

To assess thecharge transport behaviour of BDC molecules
in a realistic device environment, each optimized structure
was positioned between two pyramidal gold electrodes
composed of 35 atoms. The resulting molecular junctions
were analysed using the NEGF formalism as implemented
inthe GOLLUM quantumtransportcode[35]. This method
provides a rigorous approach to simulate electron
transmission through molecular systems under open
boundary conditions, closely mimicking experimental
transport setups [36].

The transmission spectra computed at zero bias
revealed that the conductance of the molecules generally
improves with increasing molecular length, contrary to the
typical decrease observed due to increased tunnelling
distance [53]. This enhancement is attributed to enhanced
conjugation, which promotes delocalization of the frontier
orbitals, particularly the LUMO, along the molecular
backbone [54]. As conjugation extends, orbital overlap
with the electrode states improves, leading to more
favourable alignment with the Fermi level [27].

In shorter BDC molecules, transport was
predominantly HOMO-mediated, as the HOMO orbitals
were energetically closer to the Fermi level of the
electrodes and more spatially localized on the anchoring
groups [55]. However, as the molecular length increased,
a shift in the dominant transport channel toward the
LUMO was observed. This shift suggests a length-
dependent transition in the charge transport mechanism
from hole-like to electron-like conduction [56]. These
findings highlight the critical role of molecular architecture
in determining the transport pathways and underscore the
potential of BDC derivatives for use in tunable nano-
electronic devices [57].

3.4 Optical absorption properties

The optical properties of the BDC molecular series were
examined using TD-DFT at the B3LYP/3-21G level of
theory [55,58]. The simulated UV-visible absorption
spectra and oscillator strength profiles for each molecule
(1B to 5B) are presented in Figs. 3 through 7. These plots
illustrate the extinction coefficient (¢) and oscillator
strength as a function of wavelength and provide insight
into the influence of conjugation length on photophysical
behaviour [59].

Figure 3 shows that the shortest molecule, 1B, exhibits
a primary absorption peak at approximately 335 nm with
a relatively modest oscillator strength 0 0.279, indicating
limited m-conjugation. In contrast, molecule 2B (Fig. 4)
displays a red-shifted absorption peak near 425 nmand a
substantially higher oscillator strength of 0.951, reflecting
enhanced electronic delocalization.

For 3B and 4B (Figs. 5 and 6), further elongation of the
n-conjugated system results in additional red shifts of the
absorption maxima to 484.65nm and 531.82nm,
respectively, accompanied by stronger oscillator strengths
(1.780 and 2.390). The longest molecule, 5B (Fig. 7),
shows the most red-shifted peak at 566.31 nm and the
highest oscillator strength of 2.630, confirming a direct
correlation between conjugation length and optical activity
[60,61].

The numerical values of the maximum absorption
wavelengths (Amax) and oscillator strengths for all
molecules are summarized in Table 3. These results are
consistent with the visual trends observed in Figs.3 to 7
and reinforce the role of molecular extension in enhancing
light-matter interactions. The optical transitions for all
BDC derivatives are dominated by HOMO — LUMO
character, supporting their suitability as active media in
nanoscale photonic and optoelectronic systems.

In addition to energy level modulation, a pronounced
enhancement in oscillator strength (fi) is observed with
increasing conjugation length across the BDC molecular
series. This trendreflectsan increase in the transition dipole
moment and radiative transition probability, indicative of
stronger light—matter interaction as m-conjugation extends.
Such behaviour is crucial for materials intended for optical
gain applications, including organic lasers and light-
emitting systems [6,39,40]. As depicted in Fig. 8(a), both
oscillator strength and Am.x exhibit nearly linear growth
with increasing molecular length (n), suggesting that
extended conjugation not only intensifies optical
transitions but also induces red-shifted absorption [62].

Furthermore, Figure 8(b) illustrates an inverse
correlation between oscillator strength and the HOMO-
LUMO energy gap,implyingthat as the electronic bandgap
narrows, the transition probability and optical activity
increase substantially [63]. These findings confirm that
both electronic and optical properties of BDC molecules
can be rationally tuned via structural extension, supporting
their viability in nanoscale optoelectronic and photonic
devices [18].
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To further explore the electronic characteristics of the
BDC molecularseries, density of states (DOS) analysis was
conducted for each molecule (1B to 5B). This analysis
reveals the energy distribution of molecular orbitals and
their availability for charge transport. In each DOS
spectrum, the blue line represents thetotal DOS, green lines
correspond to occupied orbitals, and red lines indicate
virtual (unoccupied) orbitals. A noticeable trend is
observed: as the molecular backbone extends, the DOS
nearthe Fermilevel (setat0 eV) becomes denser and more
complex. This reflects enhanced electronic delocalization
and a narrowing HOMO-LUMO gap. Additionally, the
progressive shift in peak distribution from HOMO-
dominated to LUMO-dominated regions supports the
conclusion of a length-dependent transition in charge
transport behaviour.
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BDC molecular series, a DOS analysis was performed for
each compound. The DOS spectrum reveals the
distribution of electronic states across energy levels and
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for charge transportprocesses [58, 64]. These simulations
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computational parameters as in the electronic structure and
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The calculated DOS profiles forall BDC derivatives are
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states. The occupied states, associated primarily with the
HOMO and deeper orbitals, exhibit dense and sharp peaks,
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indicating localized electron density. In contrast, the
unoccupied states including the LUMO and adjacent
orbitals appear more diffuse and energetically broadened,
which is consistent with increased delocalization [65].

As molecular length increases from 1B to 5B, the DOS
near the Fermi level (set at 0 eV) becomes progressively
denser. This behaviourreflectsenhanced n-conjugationand
a consistent reduction in the HOMO-LUMO energy gap
[51],both of which are favourable for improvingelectronic
coupling with metal electrodes [27].

Moreover, a noticeable shift in the energy alignment of
frontier orbitals is observed: while the Fermi level in
shorter molecules lies closer to the HOMO, it gradually
approaches the LUMO in longer chains. This transition
signifies a shift in dominant transport mechanisms from
hole-dominated (HOMO-based) to electron-dominated
(LUMO-based) conduction as conjugation length increases
[66].

As the molecularlength of BDC derivatives increases,
the density of states near the Fermi level becomes
significantly enriched, especially in the LUMO region.
This evolution reflects a more delocalized electronic
structure and a narrowed HOMO-LUMO energy gap,
which enhances electronic coupling with metallic
electrodes. In shorter BDC molecules, the DOS near the
Fermi level is dominated by HOMO states, favouring hole-
mediated transport. However, as conjugation length
extends, LUMO states become more energetically aligned
with the Fermi level, facilitating a transition to electron-
dominated transport.

This shift from HOMO- to LUMO-mediated
conduction implies that molecular length can be used as
a design parameter to tailor the transport mechanism in
nanoelectronic applications. By strategically controlling
the conjugation length, it is possible to optimize carrier
type, injection efficiency, and conductance, which is vital
for the development of high-performance molecular
rectifiers, switches, and field-effect transistors (FETs) in
organic electronics.

These findings confirmthe structural tunability of BDC
molecules and underscore their potential as active
components in next-generation optoelectronic and nano-
electronic devices [67].

3.6 Practical considerations and outlook

While this study presents a comprehensive theoretical
analysis of the optical and electronic properties of BDC
derivatives, certain experimental and practical aspects,
such as the influence of molecular defects, material
homogeneity, photostability, and operational lifetime,
remain beyond the scope of this work. These parameters
are critical in determining the real-world viability of
organic laser-active materials and should be evaluated
through experimental synthesis and device testing [6, 48].

Additionally, the performance of BDC-based systems
under high-intensity optical excitation, such as resistance
to photodegradation or nonlinear effects, requires time-
resolved and photophysical characterization, which could
further validate the lasing potential predicted
computationally [49, 50].

Given their strongabsorption, large oscillator strengths,
and tunable electronic structure, the BDC derivatives

studied here may be suited for use in organic distributed
feedback (DFB) lasers or vertical cavity surface-emitting
lasers (VCSELSs) operating in the visible to near-infrared
range. These applications warrant future work involving
experimental fabrication and laser threshold analysis [51,
52].

3.7 Impact of molecular length on
mechanisms

transport

The molecular length in BDC derivatives plays a pivotal
role in determining the dominant transport mechanism as it
directly influences the spatial distribution and energy
alignment of the frontier molecular orbitals (HOMO and
LUMO) relative to the Fermi level of the electrodes. In
shorter BDC molecules, the HOMO levels lie closer to the
Fermi energy, and the HOMO orbitals are more localized
near the anchoring heteroatoms, facilitating hole-mediated
transport [68]. However, as the molecular backbone is
extended, m-conjugation increases, leading to greater
delocalization of the LUMO orbitals across the conjugated
carbon framework and a simultaneous reduction in the
HOMO-LUMO energy gap [69, 70].

This evolution results in the LUMO energy level
gradually shifting closer to the electrode Fermi level,
promoting a transition from HOMO-dominated (hole)
conduction to LUMO-dominated (electron) conduction in
longer molecules[71]. Such a length-dependent transition
in transport behaviour provides a powerful structural
handle for tuning charge injection and transmission
characteristics in molecular junctions.

From a device design perspective, this property enables
the development of length-tunable nanoelectronic compo-
nents, where the conduction type (p-type vs. n-type) and
current magnitude can be modulated by controlling the
conjugation length of the molecular bridge. This tunability
is particularly advantageous in the context of molecular
rectifiers, switches, and organic field-effect transistors
(OFETs), where the type and mobility of charge carriers are
critical for device performance [72, 73].

4. Conclusions

This study presents a comprehensive theoretical analysis of
the structural, electronic, optical, and charge transport
properties of BDC molecules, evaluated as potential single-
molecule active media for nanoscale optoelectronic and
photonic applications. Through the integration of DFT,
TD-DFT, and NEGF formalism, the authors systematically
examined the influence of molecular length and
m-conjugation on key electronic and photophysical charac-
teristics.

The authors’ findings reveal that an increasing
molecular length results in a consistent narrowing of the
HOMO-LUMO energy gap, enhanced orbital delo-
calization, and improved alignment of frontier orbitals with
the electrode Fermi levels. These effects collectively lead
to more efficient charge transport and stronger optical
responses, both of which are essential attributes for active
laser components and molecular-scale optoelectronic
devices.

TD-DFT simulations of the absorption spectra revealed
a clear red shift in excitation energies and a substantial
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increase in oscillator strengths across the BDC series,
confirming the strengthening of light-matter interaction
with extended conjugation. These optical properties,
particularly the increasing oscillator strength and
bathochromic shift in absorption, demonstrate strong light—
matter interaction and are characteristic of systems with
potential for radiative transitions. While laser performance
metrics, such as optical gain or emission cross-section,
were not directly calculated, the observed spectral
behaviour supports the feasibility of BDC molecules as
promisingcandidates for the future development of organic
laser-active materials.

Additionally, a DOS analysis revealed a notable
transition in transport behaviour: from HOMO-dominated
(hole-mediated) conduction in shorter molecules to
LUMO-dominated (electron-mediated) conduction in
longer structures. This transition highlights the tunability
of charge transport mechanisms in relation to molecular
architecture.

In conclusion, this work highlights the effectiveness of
molecular-scale structural engineering in tailoring
optoelectronic properties. BDC derivatives, with their
planar rigid backbones and length-dependent conjugation,
emerge as up-and-coming candidates for the design of
next-generation organic lasers and nanoelectronic
components. Future efforts should focus on experimental
validation and the practical integration of these molecular
systems into scalable device platforms.
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