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ABSTRACT

In this work, computational design and evaluation of three donor—m—acceptor (D-n—A) quinone-based dyes for
photovoltaic applications was conducted. In the molecular framework, thiophene-based =n-linkers (thiophene,
dithienothiophene and thienothiophene) were combined with 2-hydroxy-1,4-benzoquinone as a donor and
cyanoacrylic acid as an acceptor. Light-harvesting efficiency, density of states, UV-Vis absorption and frontier
orbital gaps are investigated using Density Functional Theory (DFT) and Time-Dependent DFT (TD-DFT). The
electronic distribution and charge-transfer behaviour were examined using transition density matrices and natural
bond orbital analysis. Chemical reactivity descriptors such as ionisation potential, electron affinity, chemical
hardness, and electronegativity were computed to understand stability and reactivity trends. Charge transport
characteristics were studied through the calculation of reorganisation energies (A. and An) and total A, along with
charge transfer integrals. Photovoltaic efficiency indicators such as open-circuit voltage (eVoc), driving force for
dye regeneration (AG™®), and electron injection (AG™e) were also analysed. According to the findings, the dye with
an extended linker chain has better charge transport and optoelectronic characteristics is presumed to be an attractive
option for dye-sensitised solar cell applications. Overall, these findings advance the understanding of quinone-based
dye architectures and offer valuable design strategies that can guide future computational and experimental efforts
toward improving photovoltaic performance.
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INTRODUCTION
Environmental concerns and the growing demand for energy worldwide have prompted a great deal of
research into sustainable energy sources, with solar energy emerging as a top contender. The most
alluring photovoltaic technologies are dye-sensitised solar cells because of their low-cost simplicity of
fabrication and ability to operate in diffuse light. DSSCs have been the subject of extensive research since
the groundbreaking work of O’Regan and Gritzel in 1991.! Because it controls light absorption, electron
injection and charge separation at the semiconductor interface, the sensitiser dye is crucial to the
performance efficiency of DSSCs. Donor—m—acceptor (D-n—A) organic dyes are commonly used because
they promote effective charge separation by facilitating directional electron transfer from the donor (D) to
the acceptor (A) via a conjugated n-bridge. Key characteristics like charge transport, absorption properties,
and frontier orbital energies can be systematically adjusted to improve DSSC efficiency by changing the
donor, w-linker and acceptor units.> Although D-n-A dyes have been studied extensively, quinone-based
donors, especially 2-hydroxy-1,4-benzoquinone, have not been studied much despite their strong electron-
donating ability and structural rigidity. Extended conjugation and planarity are provided by thiophene-
based m-linkers, which enhance charge delocalisation and optoelectronic performance.> Using
cyanoacrylic acid as the acceptor and 2-hydroxy-1,4-benzoquinone as the donor, we created three new D—
n A dyes by combining the three thiophene-based n-bridges (thiophene, thienothiophene and
dithienothiophene) (Fig.-1). The evaluation of optoelectronic properties and important photovoltaic
parameters was done using DFT and TD-DFT calculations. The effect of n-bridge extension on dye
performance for DSSCs is systematically evaluated in this work.* Given the expense and difficulty of
creating new dyes, computational techniques provide a strong tool for identifying potential compounds
and forecasting important optoelectronic characteristics before they are confirmed experimentally. By
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advancing the understanding of dye architectures for solar energy harvesting, this work contributes
toward realising Sustainable Development Goal 7 (Affordable and Clean Energy), which emphasises
innovation in sustainable energy materials and technologies.

Fig.-1: Chemical Structure of the Studied Dyes with Three n-Linkers T1, T2, and T3

EXPERIMENTAL

Software called Gaussian 09 was used for all computations.” DFT was used to optimise ground-state
geometries, and time-dependent DFT (TD-DFT) was used to calculate excited-state absorption properties.
For DFT optimisation, the B3LYP functional was combined with the 6-31+G(d,p) basis set.® The stability
of the optimised structures was confirmed by the absence of imaginary frequencies. The polarizable
continuum model (CPCM) with self-consistent reaction field (SCRF) technique and the CAM-B3LYP
functional were used to perform TD-DFT calculations with dichloromethane (DCM) as the
solvent.”Multiwfn software was used to calculate Transition Density Matrix (TDM) plots, while
GaussSum software was used to create Density of States (DOS) plots.

RESULTS AND DISCUSSION

Optimised Geometry and Frontier Molecular Orbitals

Figure-2 shows the optimised geometries, and Table-1 lists bond lengths (D; and D») and dihedral angles
(®; and @;) of the molecules. For all three dyes, the donor—linker bond length (D) remains nearly
constant at ~1.36 A, while the linker-acceptor bond length (D>) ranges from 1.42 to 1.43 A. The dihedral
angles, @, vary from 90° to 95.5°, which helps suppress dye aggregation on the TiO» surface desirable
feature. Interestingly, the @, values show significant variation: 81.2° for T1, 0.14° for T2, and 72.3° for
T3. The near-planarity in T2 (®2 = 0°) suggests a more coplanar promoting stronger conjugation and
potentially better intramolecular charge transfer (ICT) performance. In contrast, higher ®, values in T1
and T3 imply more twisted geometries, which might reduce conjugation efficiency but could help
minimise aggregation or undesired charge recombination.®”’

‘.»3 : 1‘ y J".’z el ; J)J « 3
’9 {J‘t j\/:r) ‘?" J‘éJ&(j i;».gi{t J}?f:f s? t" f‘:?

Fig.-2: Gas Phase Optimised Geometry in the Ground State of the Designed Dyes
Table-1: The Dyes Optimal Dihedral Angles and Bond Distances for the Chosen Bonds

Molecules DI/A D2/A O1(°) O2(°)
Tl 1.36 1.43 90.1 81.2
T2 1.36 1.42 97.4 0.14
T3 1.36 1.42 95.4 72.3

The lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO)orbitals offer vital information on the optoelectronic behaviour of dye molecules, e.g. charge
distribution and chemical stability across the dye structure. A reduced energy gap (AE) between HOMO
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and LUMO generally improves ICT, which in turn improves solar cell performance ’According to Fig.-3,
the frontier molecular orbital analysis revealed that the HOMO is largely localised over the acceptor and
n-linker segments, whereas the LUMO is predominantly distributed across the donor unit, indicating
efficient photo-induced electron transfer potential.
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Fig.-3: Frontier Molecular Orbital Surface Plots of the Dyes

Chemical Reactivity Parameters

To further evaluate the electronic behaviour and stability of the designed dyes (T1-T3), global reactivity
parameters like chemical potential (), electronegativity (), and chemical hardness (1) were calculated
using the HOMO and LUMO energy values using equations-1, 2, and 3.8

_ELumo+EHomo
~—2(E . 0]
— umot+EHomo
= -p= % ()
E umo_E omo
= e 3)

The results are summarised in Table-2. Among the three dyes, T3 exhibits the lowest chemical hardness
and smallest band gap, indicating enhanced charge transfer ability and high chemical softness, which are
desirable features in solar cells. Conversely, T1, with the largest hardness, is expected to be more
electronically stable but less reactive. These findings suggest that the gradual extension of the m-spacer
increases electron delocalisation and improves charge transfer, as reflected in the lowering of y and 0
values across T1 to T3.

Table-2: The Chemical and Electronic Parameter Values of the Studied Dyes.

Dyes | HOMO | LUMO | AE | x M ; IP, | EA, | IP, | EA, | o o o

Tl 687 | -394 [293 [ 540 [ -540 | 146|680 |394 [ 644 4211019 [ 1551 [ 1271
T2 6.5 393 [ 257 [ 521 [-521 [ 128 [ 650 [ 393|615 418 | 11.08 | 1624 | 13.54
T3 623 | -392 [231 [507 | -507 |1.15]620 [392]598 4141150 | 1642 | 13.91

In dye-sensitised solar cells (DSSCs), the sensitiser dye achieves two goals: it first introduces an excited
electron into TiO», and it then extracts an electron from the electrolyte to fill the resulting hole. The dye's
ability to acquire and lose electrons or holes determines how well charges are transferred, so
understanding its ionisation potential (IP) and electron affinity (EA) provides crucial information.
Equations-4 and 5 show how Koopmans' theorem was applied to determine the IP and EA using the
HOMO and LUMO energy levels.*1?

IP=— EHomo (4)

EA= _ELumo (5 )
Additionally, an adiabatic approach was employed to estimate more accurate values of IP and EA, as
described in Equations-6 and 7. This approach involved computing the molecular energies of the neutral
and corresponding ionic species at the same level of theory.!%-!!

IP=Ecation — Eneutral (6)

EA= Eneutral = Eanion (7
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The parameters of chemical reactivity can be used to evaluate the stabilisation energies. To better
understand the dyes' electrical behaviour, equations 8 to10 was used to calculate the electrophilicity index
(w), electron-accepting power (0*) and electron-donating power (). Greater stability results from a
higher ®* and higher ®, both of which indicate improved electron-accepting capacity and are therefore
preferred for effective dyes. A list of the significant calculated values is given in the Table-2.5!!

. (IP+3EA)?

® T 16(IP-EA) ®)
_ (3IP+EA)?

© T 16(1P-EA) ©)
(IP+EA)?

" 4(IP-EA) (10)

The computed chemical reactivity parameters shed light on the stability and electron transfer properties of
the intended dye molecules. T3 exhibits the lowest ionisation potential (both adiabatic and vertical) of the
three molecules, indicating its potential to lose electrons more readily. Notably, T3 exhibits the highest
electron-accepting power (o* =11.50) and electrophilicity index (® = 13.91), demonstrating a superior
capacity to stabilise additional charges.

Natural Bond Orbital (NBO) Analysis

Natural Bond Orbital (NBO) analysis was carried out to have a glimpse of how charge is localised and
transferred among the three segments, e.g. donor, n-linker, and acceptor in the designed dye molecules.
The computed NBO charges for each fragment are summarised in Table-3. In the donor segments, strong
electron-donating behaviour was confirmed by their constant positive NBO charges. On the other hand,
the n-linkers displayed negative charges, emphasising their function as pathways that conduct electrons.
Additionally, the acceptor units had negative charges, which demonstrated their ability to draw electrons
from the excited dye and transfer them into the TiO: conduction band. '?Among the systems under
investigation, T3 dye showed the greatest AqP# (natural charge difference) between the acceptor and
donor moieties. This suggests that, in contrast to T1 and T2, T3 facilitates better electron delivery to the
anchoring site and more efficient charge separation.

Table-3: The Ground State NBO Analysis, where qP°", glinker, and gAcePtor represent the Total Natural Chargeon the
Donor, Linker and Acceptor Groups, respectively

NBO parameters T1 T2 T3
qPoner 0.47 0.21 0.68
qfinker -0.09 -0.08 -0.07
qAceeptor -0.11 -0.12 -0.14
AgPA 0.58 0.33 0.82

Absorption Properties

The UV-visible absorption properties of the suggested dyes were examined using TD-DFT calculations.
A summary of the main optical characteristics is given in Fig.-4. Note that the light-harvesting
efficiencies (LHE) of DSSCs are a significant determinant of their performance. In general, a large
quantity of photocurrent is produced by a large LHE. The LHE is calculated as 1 — 10~f.13As shown in
Fig.-4, T3 shows the strongest peak at 404.04 nm followed by T2 (401.1 nm) and T1 (399.54 nm). The
observed bathochromic shift in T3 indicates enhanced n-conjugation and more effective ICT, contributing
to its superior optoelectronic characteristics. T2 exhibits noticeably greater oscillator strength and LHE
than T1 and T3, indicating a greater chance of an electronic transition and enhanced photon absorption
efficiency. All dyes undergo electronic transitions, primarily between the HOMO and LUMO or closely
related orbitals.!* Notably, the percentage contribution index (% CI) indicates that in T3, a more
distributed transition density occurs across multiple orbital transitions, which further supports enhanced
ICT and charge delocalisation. Overall, these optical parameters establish T3 exhibiting a broader and
more intense absorption profile, lower excitation energy, and greater transition efficiency.
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Fig.-4: UV—Visible Absorption Spectra Graph of the Dyes and Summary of the Key Optical Properties

Density of States

Important details regarding the charge transport distribution characteristics of the dyes are provided by the
density of states (DOS). GaussSum software is used in Fig.-5 to display the DOS graph of the three dye
molecules.’> The DOS plots display the distribution of virtual (red) and occupied (green) molecular
orbitals.'® All three dyes exhibit distinct HOMO-LUMO gaps. Interestingly, the virtual orbital peaks
(LUMO and above) are compactly grouped close to the Fermi level (0 eV), especially for T3, indicating
improved electron injection capability and increased electron affinity. Additionally, the DOS intensity
rises from T1 to T3, particularly in the vicinity of the frontier orbitals, suggesting enhanced orbital
overlap and delocalisation.

I

-1 “10d ||
~200 -175 -150 -125 -108 -75 50 25 00 ~200 -175 -150 -125 -100 -715 -50 25 00 -200 175 -150 -125 -100 ~
Energy (eV) Energy (eV) Energy (eV)

Tl T2 T3

Fig.-5: Graphical Presentation of Density of States (DOS) for the Studied Dyes
Transition Density Matrix
The TDM maps (Fig.-6) show electron-hole coherence, and the excitation behaviour of the dyes was
calculated using Multiwfn software.!” Charge separation is limited for T1 due to the weak donor—acceptor
coupling, and excitation density is primarily located in donor—linker regions.'?
Better electronic communication through the linker and more efficient charge transfer is indicated by T2,
confirming enhanced ICT. T3 shows the strongest donor—acceptor delocalisation and the most extensive
excitation coupling. Better charge separation, less recombination and increased charge mobility are
indicated by its wider charge density distribution.

I

5 -850 -25 00

Photovoltaic Properties

Equation-11 is used to calculate the driving force for electron injection, where E9Ye” Stands for the dye's
excited state oxidation potential energy as determined by the eqn.-12. In this case, E® is the dye's ground
state oxidation potential energy, which is the opposite of the Exomo.

For the semiconductor TiO, the conduction band (CB) reduction potential is Ecg(Ecs = — 4.0 eV) and the
vertical transition associated with Amax is Eo-o.

163
EXPLORING THE PHOTOVOLTAIC POTENTIAL OF QUINONE-BASED D-II-A DYES R. Singh and M. Guin



RASAYAN J. Chem.
Vol. 19 | No. 1 | 159-166 | January-March | 2026

Tl T2 T3

Fig.-6: Transition Density Matrix (TDM) Map of the Dyes
— pdye*
AGinj_E y _ECB (11)
Edve* = Fdve — E, , (12)

Using Eqn. 13 the driving force for dye regeneration is determined, where, Egleeg;;owte is the redox

potential of the electrolytel™/ I3 (-4.85 eV) and eV Can be evaluated according to eqn.-14.1%-2
_=d electrolyte
AC;reg =EY® — ERedox (13)
eVoc = ELumo — Ecs (14)
The hole (An), electron (Ac), and total (Awil) reorganisation energy are evaluated using the total energies of
the neutral, anionic and cationic species using standard methods.

Table-4: The Calculated Values of Photovoltaic Properties of Dyes (All values in eV)

Dyes AG™e AGHeet Voc A Ae Motal
T1 2.02 -0.22 0.192 0.72 0.76 1.48
T2 1.65 -0.58 0.191 0.60 0.78 1.38
T3 1.38 -0.82 0.190 0.50 0.77 1.27

To assess the photovoltaic performance of the designed dyes, key parameters were calculated and are
summarised in Table-4. The fact that all three dyes exhibit negative AG™*! values confirms the
thermodynamic viability of electron injection. Among them, T3 exhibits the highest AG™et value,
implying the most efficient electron injection capability, followed by T2 and T1. Although all dyes show
favorable AG™ values, which measure how facile the regeneration process is, T1 has the highest AG™®
suggesting the fastest regeneration process. The open-circuit voltage (Voc) remains nearly constant across
all dyes, indicating an insignificant impact of linker modification on altering the energy gap between
LUMO and CB of TiO,. Reorganisation energies (An, Ae and A«wl) are vital for charge transport analysis.
T3 displays the lowest hole reorganisation energy and the smallest total reorganisation energy,
highlighting its potential for superior charge transport and photovoltaic performance. Overall, based on
the combined analysis of AG™et, AG™ and reorganisation energies, T3 emerges as the most promising
candidate among the three dyes. These results further reinforce the study’s contribution to the Sustainable
Development Goal 7 (Affordable and Clean Energy). By identifying and evaluating quinone-based dye
architectures with enhanced charge-transfer characteristics, this work supports the advancement of cost-
effective and sustainable materials for next-generation photovoltaic technologies.

CONCLUSION

In this study, three new D—nt A organic dyes (T1, T2, and T3) were designed by systematically extending
the m-conjugated linker with thiophene units to explore their potential in DSSCs. The computational
results revealed that linker expansion led to improved planarity, reduced HOMO-LUMO gaps, enhanced
intramolecular charge transfer, and superior light-harvesting ability as demonstrated by T3.

Key reactivity descriptors, including chemical hardness, ionisation potential, and electron affinity,
confirmed the favourable electronic behaviour of T3. NBO, DOS, and TDM analyses consistently
demonstrated more efficient charge separation and delocalisation in T3. Additionally, TD-DFT
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simulations showed red-shifted and intense absorption spectra for T3, aligning with stronger oscillator
strengths and better photovoltaic metrics (AG™e, AG™, An, Ae). Overall, this work underscores the benefit
of m-linker engineering specifically for thiophene-based molecules, which can significantly enhance the
optoelectronic and photovoltaic performance of D-n A dyes. This study, therefore, contributes to the
realisation of SDG 7 (Affordable and Clean Energy) by advancing the design of efficient, low-cost, and
sustainable dye materials for next-generation solar energy conversion systems.
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