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Two barbituric-acid-based donor—m—acceptor chromophores were systematically investigated using
density functional theory (DFT), time-dependent DFT, and solvent-dependent polarizable continuum
model (PCM) calculations to elucidate the interplay between molecular structure, excited-state
electronic redistribution, reactivity, and photovoltaic relevance. Excited-state geometry optimizations
revealed that compound 1 retained nearly invariant bond lengths and strict planarity upon Sog — S
excitation, indicating minimal structural relaxation with a predominantly locally excited (LE) character. In
contrast, compound 2 showed pronounced excitation-induced bond-length modulation along the
donor—acceptor axis, which was consistent with significant intramolecular charge transfer (ICT). Mulliken
charge analysis, electrostatic potential mapping, and frontier molecular orbital distributions further
confirmed the delocalized electronic excitation in 1 and strong donor-to-acceptor charge migration in 2.
Solvent-dependent studies demonstrated a weak dielectric sensitivity for 1, whereas 2 exhibited
enhanced polarization, solvent-tunable HOMO-LUMO gaps, and greater stabilization in polar media.
Quantitative photovoltaic descriptors, including electron-injection driving force, excited-state dipole

moment, light-harvesting efficiency, and reorganization energy, revealed that 2 possessed a favorable
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Introduction

Barbituric acid-based charge-transfer (CT) dyes represent
a versatile and structurally tunable class of push—pull chromo-
phores, in which the electron-withdrawing barbituric acid core
functions as an efficient acceptor when conjugated to 7-bridges
and electron-donating groups.' Owing to its imide-rich frame-
work, high resonance stabilization, and multiple carbonyl
functionalities, barbituric acid imparts pronounced electron
affinity, strong intramolecular hydrogen-bonding capability,
and enhanced stabilization of polarized excited states.”> When
incorporated into donor-m-acceptor architectures, these
features promote strong intramolecular charge transfer, leading
to broad and red-shifted absorption bands, large Stokes shifts,
and high sensitivity of the optical response to the surrounding
environment.®> Consequently, barbituric acid-based CT dyes
have found widespread application in nonlinear optics, organic
photovoltaics, and optoelectronic devices, where a strong ICT
character facilitates efficient charge separation and transport.*
Their pronounced solvatochromism and polarity-dependent
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applications. In contrast, 1 exhibited marginal electron-injection capability and limited excited-state
charge separation, restricting its photovoltaic applicability.

emission make them particularly attractive for chemical
sensing, bioimaging, and environmental monitoring® More-
over, the robust hydrogen-bonding and aggregation-prone
nature of the barbituric acid motif has been exploited in
supramolecular assemblies, stimuli-responsive materials, and
aggregation-induced emission systems.®

On the other hand, subtle structural variations in CT dyes,
such as heteroatom substitution, modulation of donor or
acceptor strength, alteration of m-bridge length, and changes in
molecular planarity, can profoundly influence their photo-
physical and optical properties by directly governing excited-
state electronic redistribution.” Structural rigidification or
enhanced planarity generally increases m-conjugation and
orbital overlap, leading to relatively high oscillator strengths,
reduced nonradiative decay, and locally excited-dominated
transitions with weak solvatochromism. In contrast, increased
donor-acceptor asymmetry, bond-length alternation, or
torsional flexibility promotes intramolecular charge transfer,
resulting in red-shifted absorption/emission, large Stokes
shifts, enhanced solvent sensitivity, and pronounced excited-
state dipole moments.® Thus, understanding these structure-
property relationships is critically important because photo-
physical performance ultimately determines the efficiency and
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reliability of CT dyes in practical applications. The rational
correlation of molecular structure with optical response enables
the predictive design of dyes with tailored absorption windows,
emission color, charge-separation efficiency, and environ-
mental responsiveness, which is essential for optimizing
materials for sensing, bioimaging, nonlinear optics, and opto-
electronic devices.

In this context, the present work provides a comprehensive
structure—property correlation for two closely related barbituric-
acid-based donor-m-acceptor chromophores by combining
ground- and excited-state DFT/TD-DFT calculations with
solvent-dependent PCM and conceptual DFT analyses. By
systematically comparing excitation-induced geometric relaxa-
tion, Mulliken charge redistribution, electrostatic potential
polarization, frontier molecular orbital topology, thermody-
namic parameters, and global reactivity descriptors, we eluci-
date how subtle structural modifications decisively alter excited-
state electronic behavior. The results clearly demonstrate that
compound 1 retains a rigid, delocalized m-framework, with
a predominantly locally excited character and weak solvent
responsiveness, whereas compound 2 undergoes pronounced
excitation-induced bond reorganization, strong donor-to-
acceptor charge migration, and solvent-stabilized intra-
molecular charge-transfer behavior. Importantly, the extension
of these structure-property insights to photovoltaic descriptors
reveals that the enhanced excited-state polarization, favorable
frontier orbital alignment, and efficient charge separation in
compound 2 translate into superior theoretical suitability for
dye-sensitized solar cell applications, while the limited charge-
transfer character of compound 1 restricts its photovoltaic
performance.

Results and discussion

Variation of the structural parameters at different electronic
states

The optimized geometrical parameters provided a detailed
comparison of the excited-state structural responses of the
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barbituric-acid-based chromophores, clearly differentiating the
rigid electronic behavior of 1 from the excitation-induced elec-
tronic reorganization observed in 2 (Fig. 1).° In the case of 1, all
key bonds along the barbituric acid-vinylene-aryl conjugation
pathway (Cz6-N3s, Cz6-Osz, Cz5-Cis, C13-Cyy, and Cyo-C,)
remained essentially unchanged upon excitation from S, to Sy,
with bond-length variations close to zero. Consistently, the
associated dihedral angles (C,;~Cy5-C15-Cq3 and C;5-C;13-Cqq-
Cjo) retained strict planarity in both electronic states. This
invariance indicated a highly rigid and preorganized m-conju-
gated framework, in which photoexcitation occurred without
significant geometric relaxation, reflecting strong ground-state
conjugation and efficient donor-acceptor electronic coupling,
resulting in low reorganization energy and a predominantly
locally excited character. In contrast, 2 exhibited pronounced
excitation-induced bond-length modulation along the donor-
acceptor axis, indicative of substantial electronic redistribution
in the excited state. A marked elongation of the N3,-C3; bond
(1.37 — 1.48 A) signified a reduction in 7w-bond character due to
electron density withdrawal from the barbituric-acid nitrogen
upon excitation. Similarly, the carbonyl-associated bonds (Cj;-
030 and C,9-0,5) showed noticeable elongation (A = +0.04 A),
consistent with the antibonding orbital population and partial
weakening of the C=O0 character in the S, state. In contrast,
a slight shortening of the C;-C, bond (A = —0.01 A) suggested
an enhanced m-delocalization and partial quinoidal stabiliza-
tion along the conjugated linker.' Although the molecular
backbone of 2 remained largely planar in the excited state, as
reflected by dihedral angles close to 180° (e.g., C36-Ca6—C24—Csa:
179.99° — 179.43°), these subtle deviations indicated localized
geometric relaxation that stabilized the polarized excited-state
charge distribution.

Variation of the charge distribution at different electronic
states

The Mulliken charge distribution analysis in the gas phase
provided atom-resolved insight into the ground-state (S,) and
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Comp 1 Ground state | Excited state Comp 2 Ground state | Excited state
(So) (A°) (S1) (A®) (So) (A°) (S1) (A°)
C26 - N35 1.40282 1.40282 N32-C31 1.37869 1.48773
C26 - 032 1.24520 1.24520 C31-030 1.21527 1.25840
C25-C15 1.37020 1.37020 C26-C24 1.34950 1.35520
Cl13-C11 1.36536 1.36536 C22-C20 1.35951 1.35520
Cl0-C2 1.41277 1.41277 C29-028 1.23514 1.25840

Fig.1 DFT-optimized geometries of (a) compound 1 and (b) compound 2, with atom numbering used for bond identification. The tables provide
summaries of selected bond lengths (A) in the ground state (So) and first singlet excited state (S;), obtained from TD-DFT calculations.

28910 | RSC Adv, 2026, 16, 28909-28916

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00689b

Open Access Article. Published on 27 May 2026. Downloaded on 5/30/2026 6:53:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

excited-state (S;) electronic reorganization of 1 and 2 (Fig. 2a).
For 1, the S, charge profile showed smooth and moderate
alternation along the molecular backbone, with negative
charges localized on the barbituric-acid carbonyl oxygen atoms
(O30, 031, and O3,) and comparatively positive charges on the
imide nitrogen and terminal dialkylamino nitrogen (Njy),
consistent with its donor-acceptor architecture. The conjugated
vinylene-aryl bridge atoms (C;,-C15 and C,—Cs) exhibited only
small fluctuations around neutrality, indicating efficient -
electron delocalization and weak intrinsic ground-state polari-
zation. Upon excitation to S;, the charge distribution remained
largely conserved, with only marginal charge amplification at
the donor nitrogen (N;6) and slight additional negative charge
accumulation on the barbituric-acid carbonyl oxygens, con-
firming the absence of pronounced long-range charge migra-
tion and indicating a predominantly locally excited electronic
character.' In contrast, 2 displayed a markedly different charge
evolution. In the S, state, negative charges were more strongly
localized on the barbituric-acid carbonyl oxygen atoms and the
heteroatom-substituted region, while the donor-side di-
alkylamino nitrogen and adjacent carbon atoms -carried
appreciable positive charges, establishing a clear donor-
acceptor electrostatic gradient. Upon excitation to S,, this
polarization was significantly amplified: the donor nitrogen and
terminal alkylated carbons became more positively charged,
whereas the barbituric-acid carbonyl oxygens and neighboring
acceptor-side carbons accumulated additional negative charges,
providing clear evidence of net electron density transfer from
the donor segment to the barbituric-acid acceptor unit."”” The
larger charge oscillations and deeper negative minima observed
in the S; Mulliken profile of 2 correlated directly with the
pronounced excitation-induced bond elongation at the N-C and
C=0O0 sites.
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The electrostatic potential (ESP) surface maps further
substantiated the contrasting electronic distributions and
charge-transfer characteristics of 1 and 2 (Fig. 2b). For
compound 1, the ESP surface displayed a relatively balanced
and smoothly distributed potential across the molecular
framework, with moderate negative potential (red regions)
primarily localized on the barbituric-acid carbonyl oxygen
atoms and mild positive potential (blue regions) around the
imide N-H and peripheral alkylated amine sites. Importantly,
the conjugated linker and aromatic segment exhibited largely
neutral (green-yellow) potentials, indicating efficient rt-electron
delocalization and minimal ground-state charge separation.
This ESP profile was fully consistent with the negligible S; — S;
bond-length variations and strict planarity observed in the
optimized geometries.” In contrast, compound 2 exhibited
a markedly polarized ESP surface, reflecting strong donor-
acceptor asymmetry and enhanced intramolecular charge
redistribution. Intense negative potential was concentrated on
the barbituric-acid carbonyl oxygen atoms and was further
amplified by the presence of the sulfur-containing substituent,
which increased local polarizability and electron-withdrawing
character." Simultaneously, a pronounced positive potential
appeared over the terminal dialkylamino donor moiety, gener-
ating a clear electrostatic gradient along the molecular long
axis. The conjugated m-bridge connecting the donor and
acceptor termini displayed a gradual potential transition,
indicative of efficient charge migration across the molecular
backbone. This pronounced ESP polarization correlated directly
with the excitation-induced elongation of N-C and C=0 bonds
and the subtle backbone relaxation observed for 2, thereby
confirming the formation of a strongly polarized intramolecular
charge-transfer state.

Compound 2

Fig. 2
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(a) Atomic charge difference plots illustrating site-specific charge redistribution upon So — S; excitation for 1 and 2. (b) Electrostatic

potential (ESP) surfaces of 1 and 2 mapped on the ground-state geometries. HOMO and LUMO isosurfaces of (c) compound 1 and (d) compound
2, along with the corresponding HOMO-LUMO energy gaps (hartree unit).
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NBO analysis

The natural population analysis revealed significant electron
density accumulation on the acceptor heteroatoms of the barbi-
turic acid unit in both chromophores. For example, in compound
1, the carbonyl oxygen atoms exhibited charges of —0.615,
—0.612, and —0.621 e, while the adjacent nitrogen atom carried
a charge of —0.678 e, confirming strong electron density locali-
zation on the acceptor fragment. In contrast, the donor nitrogen
in compound 1 showed a comparatively low electron density
(—0.414 e), indicating relatively weak donor-acceptor polariza-
tion. For compound 2, the donor nitrogen carried a substantially
high electron density (—0.677 e), which promoted strong charge
delocalization along the conjugated backbone toward the
barbituric-acid acceptor unit. The acceptor heteroatoms in
compound 2 also displayed significant negative charges (e.g,
—0.583 e and —0.552 e on the carbonyl oxygen atoms and —0.682
e on the adjacent nitrogen), confirming pronounced donor-
acceptor polarization. These NBO-derived charge distributions
were fully consistent with the trends obtained from Mulliken
population analysis, as well as with the frontier molecular orbital
distributions and excitation-induced structural variations di-
scussed in the manuscript. Therefore, the qualitative conclusions
regarding the predominantly locally excited character of
compound 1 and the strong intramolecular charge-transfer
character of compound 2 remained unchanged when evaluated
using the more robust NBO population scheme (Table S1).

Effect of solvents on the distribution of frontier molecular
orbitals

The frontier molecular orbital (FMO) analysis in the ground state
(in gas phase) provided direct insight into the contrasting elec-
tronic structures and charge-transfer propensities of the two
barbituric-acid-based chromophores (Fig. 2c and d). For
compound 1, the HOMOs were extensively delocalized over the
conjugated m-framework, spanning the aromatic ring and vinyl-
ene bridge and partially extending toward the barbituric acid core,
with only limited localization on the terminal substituents. The
corresponding LUMO was likewise broadly distributed along the
same conjugated backbone, including the barbituric acid moiety,
indicating strong spatial coincidence and substantial orbital
overlap between the frontier orbitals. Such pronounced HOMO-
LUMO overlap suggested that the lowest-energy electronic tran-
sition in 1 was dominated by a m-m* excitation, with minimal
spatial charge separation.” In contrast, compound 2 exhibited
a distinctly different FMO topology, reflecting enhanced donor-
acceptor differentiation. The HOMO orbitals were primarily
localized on the electron-rich donor segment, encompassing the
terminal dialkylamino group and the adjacent conjugated -
bridge, whereas the LUMOs were strongly shifted toward the
electron-deficient barbituric-acid acceptor unit and the
heteroatom-substituted region. This pronounced spatial separa-
tion between the HOMO and LUMO clearly indicated a donor-to-
acceptor charge-transfer pathway upon excitation.'® The reduced
orbital overlap facilitated efficient electron density migration
from the donor end toward the barbituric acid core, thereby
rationalizing the significant excitation-induced bond elongation
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at the N-C and C=O0 sites, the enhanced ESP surface polarization,
and the stabilization of a strongly polarized ICT excited state.

The solvent-dependent PCM calculations further elucidated
the distinct electronic responses of 1 and 2 to their surrounding
dielectric environments (Fig. 3a). For compound 1, the inclu-
sion of solvent effects led to a pronounced increase in the
molecular dipole moment from ~10 D in the gas phase to
approximately 15.3 D in polar media, such as methanol and
acetonitrile, indicating the enhanced stabilization of an already
polar electronic distribution. Correspondingly, the total elec-
tronic energy was significantly lowered in solution, reflecting
favorable solute-solvent electrostatic interactions. Despite this
stabilization, the HOMO-LUMO energy gap exhibited only
marginal variation across solvents, as both HOMO and LUMO
energies underwent small and nearly parallel shifts, thereby
preserving the overall gap. Even in nonpolar heptane, only
minor changes in the frontier orbital energies were observed.
This weak solvent dependence of the HOMO-LUMO gap was
consistent with the largely delocalized frontier orbitals and
minimal charge separation in 1, corroborating its predomi-
nantly locally excited electronic character and the rigid -
conjugated framework."” In contrast, 2 displayed markedly
strong solvent sensitivity, reflecting its intrinsically polarized
donor-acceptor architecture. The dipole moment increased
from ~8.2 D in the gas phase to ~12.3 D in methanol and
remained elevated in acetonitrile, highlighting the significant
solvent-induced stabilization of the polarized electronic struc-
ture. The total electronic energy was substantially lowered in
polar solvents, consistent with the efficient dielectric stabiliza-
tion of charge-separated states. Notably, the HOMO and LUMO
energies responded more asymmetrically to solvent polarity
than in compound 1, leading to the more pronounced modu-
lation of the HOMO-LUMO gap across different media (Fig. 3b).
Polar solvents preferentially stabilized the LUMO localized on
the barbituric-acid acceptor unit while simultaneously influ-
encing the donor-localized HOMO, thereby tuning the effective
electronic gap.'® Even in nonpolar heptane, residual stabiliza-
tion was observed due to the intrinsic molecular polarity.

The PCM approach treated the solvent as a polarizable
dielectric continuum, and therefore, it accounted for only
nonspecific electrostatic stabilization. Specific solute-solvent
interactions, particularly hydrogen bonding involving the
carbonyl oxygen atoms and imide N-H groups of the barbituric
acid unit, were not explicitly described. In protic solvents, such as
methanol, directional hydrogen bonding to the acceptor carbonyl
sites could further stabilize polarized ground and excited states,
potentially enhancing charge localization and intramolecular
charge-transfer character beyond the dielectric effects captured
here. Accordingly, the solvent-dependent trends discussed in this
work primarily reflect bulk polarity effects, and explicit solvent
models would be required for a quantitative assessment of
hydrogen-bond-mediated stabilization.

Effect of solvents on thermodynamic parameters

The PCM-based solvent-dependent thermodynamic analysis
highlighted the contrasting stabilization mechanisms operative

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) Variation in the dipole moments (D) of 1 and 2 from the gas phase to polar (methanol and acetonitrile) and nonpolar (heptane) solvents.

(b) Solvent-induced modulation of the frontier molecular orbital energies (HOMO and LUMO) of 1 and 2. (c) Entropy changes across different
media, revealing a significant reduction upon solvation for both compounds 1 and 2.

in 1 and 2. For compound 1, transfer from the gas phase to
solution resulted in a substantial decrease (more negative
values) in both the Gibbs free energy (G) and enthalpy (H),
indicating effective thermodynamic stabilization by the solvent
environment (Fig. 3c). The close similarity of the G and H values
in methanol, acetonitrile, and heptane suggested that this
stabilization was largely nonspecific and electrostatic in nature,
arising primarily from general dielectric screening rather than
from strong, directional solute-solvent interactions. Notably,
the entropy (S) decreased sharply from 598.7 J mol ' K" in the
gas phase to approximately 236 ] mol ' K ' in solution,
reflecting restricted molecular degrees of freedom upon solva-
tion due to cavity formation and solvent ordering around the
solute. The near-identical entropy values observed across
different solvents further implied that solvation imposed
a comparable level of structural constraint, irrespective of
solvent polarity, consistent with the rigid, weakly polarized
electronic structure of 1 and its limited charge redistribution."
In contrast, compound 2 exhibited a more pronounced and
systematic solvent response, consistent with its relatively strong
donor-acceptor character. Solvation induced a greater decrease
in both G and H than in compound 1, indicating the enhanced
stabilization of the intrinsically polarized molecular framework.
Polar solvents, such as methanol and acetonitrile, stabilized
compound 2 more effectively than the gas phase, as evidenced
by more negative free energies, while even nonpolar heptane
provided significant stabilization due to the inherent molecular
dipole. The entropy reduction was again substantial, decreasing
from 592 J mol™' K™' in the gas phase to approximately
228 J mol™" K" in solution. It is important to note that

© 2026 The Author(s). Published by the Royal Society of Chemistry

compound 2 already exhibited a slightly lower gas-phase
entropy than compound 1, indicating intrinsic structural
differences between the two chromophores. Therefore, the low
absolute entropy values observed in solution for compound 2
could not be attributed solely to enhanced solvent organization.
Rather, the overall entropy reduction upon solvation likely re-
flected a combined effect of inherent molecular rigidity and
solvent-induced ordering around the polarized donor-acceptor
framework.?®

Effect of solvents on global reactivity parameters

The solvent-dependent conceptual DFT (CDFT) parameters
provided a coherent thermodynamic-electronic description of
how solvation modulated the reactivity profiles of compounds 1
and 2. The HOMO and LUMO energies of 1 remained nearly
invariant across different solvents, resulting in only a small
reduction in the HOMO-LUMO gap in the polar media (from
0.1087 in the gas phase to ~0.1004 in methanol and acetoni-
trile), followed by a slight recovery in nonpolar heptane. This
marginal gap modulation was reflected in the nearly constant
global hardness (n) and the corresponding increase in global
softness (S) in polar solvents, indicating a modest enhancement
in polarizability without altering the intrinsic electronic rigidity
of the m-conjugated framework. The electronegativity (x) and
chemical potential (1) showed minimal sensitivity to solvent
polarity, confirming that solvation stabilized the frontier
orbitals of 1 in a nearly symmetric manner.*® Notably, the
electron affinity (A) and electrophilicity index (w) increased
slightly in polar solvents, suggesting the weak solvent-assisted
stabilization of the acceptor character; however, the charge-
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transfer descriptor (AN) remained nearly constant, reinforcing
that 1 did not undergo significant solvent-induced charge
separation. Overall, these trends indicated that solvation
primarily provided dielectric stabilization rather than funda-
mentally altering the thermodynamic reactivity profile of 1. In
contrast, compound 2 exhibited a more pronounced and
solvent-dependent response consistent with its donor-acceptor
architecture. In polar solvents, such as methanol and acetoni-
trile, the HOMO-LUMO gap showed noticeable modulation
relative to the gas phase, accompanied by the solvent-
dependent redistribution of global hardness and softness,
indicative of enhanced electronic adaptability.>* The electro-
negativity (x) and chemical potential (u) shifted more signifi-
cantly in the polar media, reflecting the relatively strong
stabilization of the polarized electronic structure. Importantly,
the electron donor (w~) and electron acceptor (w') capacities
displayed greater solvent sensitivity than those of 1, high-
lighting the asymmetric stabilization of donor- and acceptor-
localized orbitals.> The electrophilicity index (w) and charge-
transfer parameter (AN) also varied more strongly with solvent
polarity, signifying an increased propensity for intermolecular
and intramolecular charge transfer in polar environments.*
Although the partial relaxation of these effects was observed in
nonpolar heptane, the values remained distinct from those of
the gas phase due to the intrinsic dipole moment of 2, further
supporting its solvent-tunable intramolecular charge-transfer
character.

Effect of solvents on polarizability

Further, the ground-state (S,) polarizability analysis of 1 and 2
provided quantitative insight into how m-conjugation and
donor-acceptor asymmetry influenced the electronic deform-
ability of these barbituric-acid-based chromophores. The exact
polarizability tensor components of 1 (547.37, 0.241, 174.71,
—0.01, 0.012, and 58.58) indicated a strongly anisotropic
polarizability, with the dominant contribution aligned along
the extended molecular conjugation axis.”® The negligible off-
diagonal tensor elements confirmed minimal cross-coupling
between orthogonal polarization directions, consistent with
arigid, planar backbone and efficient m-electron delocalization.
Accordingly, the isotropic polarizability of 260.218 au (38.56 A*)
reflected a relatively soft and deformable electron cloud arising
from uniform charge delocalization across the donor-rm-
acceptor framework. In comparison, compound 2 exhibited
exact polarizability tensor components of 516.87, —2.73, 178.36,
—0.002, 0.005, and 60.13, also demonstrating pronounced
anisotropy dominated by polarization along the molecular long
axis. However, the slightly reduced principal tensor value and
marginally enhanced asymmetry suggested increased electron
localization near the barbituric acid-heteroatom (S-containing)
region, in agreement with the ESP and Mulliken charge anal-
yses.”* Consequently, the isotropic polarizability of 2 was
marginally lower (251.77 au, 37.30 A%) than that of 1, indicating
a somewhat more rigid ground-state electron distribution
despite its stronger intrinsic donor-acceptor character. There-
fore, these results reinforced the view that compound 1 behaved
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Table 1 Solvent-dependent conceptual DFT descriptors of
compound 1 and compound 2 were calculated in the gas phase and in
different solvent environments (MeOH, CH3CN, and C;H;s) using PCM

Parameter Comp. Gas MeOH CH;CN C;H;s
Exomo 1 —0.1958 —0.1955 —0.1955 —0.1974
2 —0.2114 —0.2125 —0.1877 —0.1887
1 1 0.1955 0.1955 0.1955 0.1974
2 0.2114 0.2125 0.1877 0.1887
Erumo 1 —0.0871 —0.0951 —0.0951 —0.0928
2 —0.0866 —0.0877 —0.0828 —0.0800
AE 1 0.1087 0.1004 0.1004 0.1046
2 0.1248 0.1249 0.1048 0.1087
Y 1 —0.8913 —0.8996 —0.8996 —0.8954
2 —0.8752 —0.8753 —0.8952 —0.8913
A 1 0.0871 0.0951 0.0951 0.0928
2 0.0866 0.0877 0.0828 0.0800
w" 1 0.1202 0.1439 0.1440 0.1354
2 0.1112 0.1136 0.1134 0.1057
W 1 0.261 0.289 0.289 0.280
2 0.260 0.263 0.248 0.240
X 1 0.1415 0.1453 0.1453 0.1451
2 0.1490 0.1502 0.1353 0.1344
n 1 0.1087 0.1004 0.1004 0.1046
2 0.1248 0.1249 0.1048 0.1087
S 1 9.1988 9.9612 9.9641 9.5629
2 8.0147 8.0218 9.5383 9.1996
o 1 —0.1415 —0.1453 —0.1453 —0.1451
2 —0.1490 —0.1502 —0.1353 —0.1344
AN 1 —1.3016 —1.4473 —1.4478 —1.3876
2 —1.1942 —1.2048 —1.2901 —1.2360
13} 1 0.0921 0.1051 0.1052 0.1007
2 0.0890 0.0905 0.0872 0.0830

as a rigid yet electronically soft chromophore in S,, while
compound 2 was predisposed toward strong excitation-induced
polarization and solvent-tunable ICT responses (Table 1).>”

The HOMO-LUMO energy gap (AE) for compound 1 was
0.109 hartree, while compound 2 exhibited a slightly larger gap
of 0.124 hartree, indicating marginally stronger electronic
stabilization in the latter.

While compound 1 displayed a relatively large absolute
dipole moment and strong solvent-induced polarity increase,
the frontier orbital distribution in compound 2 indicated
significant spatial separation between donor and acceptor
regions. Consequently, compound 2 was expected to exhibit
more pronounced intramolecular charge transfer upon excita-
tion despite its low ground-state dipole moment.

Predicted photovoltaic performance and DSSC suitability

The photovoltaic behaviors of 1 and 2 were quantitatively pre-
dicted using electron-injection driving force, excited-state
dipole moment, charge-separation capability, light-harvesting
efficiency, and reorganization energy, which collectively deter-
mined their suitability as dye sensitizers for DSSC applica-
tions.”® The electron-injection driving force of 1 relative to the
TiO, conduction band (Ecg = —4.0 €V) was AGjpjece = —0.02 €V,
indicating thermodynamically unfavourable electron injection
into TiO,. This limitation was compounded by a moderate
excited-state dipole moment (u* = 15.3 D; Ay = 5.3 D from u =

© 2026 The Author(s). Published by the Royal Society of Chemistry
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10.0 D), reflecting insufficient long-range charge separation to
suppress interfacial recombination. Its light-harvesting effi-
ciency (LHE = 0.78), derived from an oscillator strength of f =
0.65, suggested only moderate photon absorption, while the low
reorganization energy (1 = 0.10 eV), arising from its rigid and
planar m-framework, although favorable for fast electronic
relaxation, could not compensate for the weak injection ther-
modynamics and limited excited-state polarization. Conse-
quently, compound 1 did not meet the key electronic criteria
required for an efficient DSSC sensitizer and was better suited
as a structurally robust reference or auxiliary light-harvesting
component rather than a primary dye. In contrast, compound
2 exhibited a strongly favorable DSSC profile, with a positive
electron-injection driving force of AGjpjece = +0.38 €V, ensuring
thermodynamically viable electron transfer from the excited dye
into the TiO, conduction band. This was reinforced by a large
excited-state dipole moment (u* = 19.8 D) and substantial
dipole change (Au =11.6 D from u = 8.2 D), confirming efficient
intramolecular charge separation critical for minimizing
recombination losses. The high light-harvesting efficiency of 2
(LHE = 0.91), derived from its strong oscillator strength
(f = 1.05), indicated superior visible-light absorption, while its
moderate reorganization energy (A = 0.24 eV) remained within
the optimal range for charge-transfer dyes in DSSCs. Taken
together, the quantitative descriptors unambiguously identified
compound 2 as a promising DSSC sensitizer, whereas
compound 1 was limited by insufficient electron-injection
capability and weak excited-state charge separation, resulting
in only moderate photovoltaic applicability.

Conclusion

In summary, this work established a comprehensive and
internally consistent structure-property-function relationship
for two closely related barbituric-acid-based donor-m-acceptor
chromophores through a synergistic combination of ground-
and excited-state DFT/TD-DFT calculations, solvent-dependent
PCM analysis, and conceptual DFT descriptors. Despite their
close structural similarity, the two chromophores exhibited
fundamentally distinct excited-state behaviors, governed by
subtle differences in donor-acceptor asymmetry and hetero-
atom substitution. Compound 1 retained an exceptionally rigid
and planar m-conjugated framework upon photoexcitation, di-
splaying negligible bond-length redistribution, strong HOMO-
LUMO spatial overlap, weak solvent dependence, minimal
Mulliken charge migration, and uniform electrostatic potential
distribution. These features collectively identified its lowest
excited state as predominantly locally excited in nature, result-
ing in limited excited-state polarization and modest electronic
adaptability. In contrast, compound 2 exhibited pronounced
excitation-induced geometric relaxation along the donor-
acceptor axis, accompanied by significant bond-order modula-
tion, amplified Mulliken charge redistribution, strongly polar-
ized electrostatic potential surfaces, and clear spatial separation
of frontier molecular orbitals. Solvent-dependent PCM and
conceptual DFT analyses further revealed that this polarized
electronic structure was efficiently stabilized in polar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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environments, leading to enhanced excited-state dipole
moments, tunable HOMO-LUMO gaps, and high electronic
softness. These characteristics unambiguously confirmed the
formation of a strongly polarized intramolecular charge-
transfer excited state in compound 2. Importantly, the exten-
sion of these electronic insights to photovoltaic descriptors
established a clear divergence in DSSC suitability. Compound 1
showed a marginal and thermodynamically unfavourable
electron-injection driving force into the TiO, conduction band,
moderate light-harvesting efficiency, and insufficient excited-
state charge separation, restricting its applicability as an effec-
tive DSSC sensitizer. In contrast, compound 2 satisfied all key
electronic criteria for DSSC operation, including a favorable
positive electron-injection driving force, large excited-state
dipole enhancement, high oscillator strength and light-
harvesting efficiency, and an optimal reorganization energy
that supports efficient interfacial charge transfer while mini-
mizing recombination losses.
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