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{ ") Check for updates ‘

Cite this: RSC Adv., 2026, 16, 24141

Khansa Gull,?> Memoona Arshad,? Sadia Jamal,? Rifat Jawaria, & *2 Saif Ullah®

and Muhammad Imran @ <4

Dihydropyridine carbonitrile derivatives exhibit strong nonlinear optical (NLO) performance due to efficient
properties, applications.
dihydropyridine carbonitrile based compounds (CTP1-CTP6) were designed by structural modeling of

charge-transfer making them promising for optical In current study,
reference compound (CTPR) with malononitrile-based acceptors for utilization as NLO materials. All
quantum chemical calculations were performed via DFT and TD-DFT methods at the M06/6-311G(d,p)
level of theory. The designed molecules have donor—m—acceptor (D—m—A) framework, and this push-
pull archiecture was improved by the introduction of electron-withdrawing moiety on acceptors. FMO
analysis revealed small energy gaps and effective charge transfer from donor to acceptor regions. The
absorbance maxima varied from 412 to 584 nm, indicating a redshift in optical behavior. The significant
NLO properties were investigated in CTP4, including average polarizability (1.443 x 10722 esu), first-
order hyperpolarizability (9.279 x 10728 esu), and second hyperpolarizability (4.231 x 10733 esu), owing
to its good optoelectronic properties. The first hyperpolarizability shows a remarkable enhancement,
with a maximum value of 9.279 x 10728 esu (CTP4), which is nearly 102-10° times higher than that of
para-nitroaniline (p-NA), the standard reference compound. These findings qualitatively indicate that

structural modification can greatly enhance the charge-transfer efficiency and quantitatively make the
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Introduction

The NLO is a growing branch in contemporary optics that deals
with the effects of powerful electromagnetic radiation on
matter, specifically producing an array of nonlinear effects.™>
When matter exposed to intense laser fields, the optical
responses of a material will not only be modified but may also
produce new light frequencies and improve optoelectronic
properties.* Second-order NLO materials have shown wide-
spread application in optical communication, photonic
switching, biosensing, imaging and optical limiting because of
their large nonlinear responses.* Recent attempts to model new
NLO-active systems have been focused on organic and inorganic
semiconductors, polymers, nanomaterials and molecular
dyes.*” Among these, organic materials are particularly

“Institute of Chemistry, Khwaja Fareed University of Engineering & Information
Technology, Rahim Yar Khan, 64200, Pakistan. E-mail: rifat jawaria@kfueit.edu.pk
*Govt Sadiq Abbas Graduate College Dera Nawab Sahib, Pakistan

‘Department of Chemistry, Faculty of Science, King Khalid University, P.O. Box 9004,
Abha 61413, Saudi Arabia

Research Center for Advanced Materials Science (RCAMS), King Khalid University, P.
O. Box 9004, Abha 61514, Saudi Arabia

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

studied systems promising for high-performance optoelectronic and photonic applications.

interesting because of their large polarizability and molecular
flexibility as well as their good charge-transport characteristics.®
The NLO responses of a given species are mostly determined by
its linear polarizability («), second-order hyperpolarizability (5)
and third-order hyperpolarizability (y).>** The second and third
NLO orders play important roles in the SHG for device appli-
cations such as electro-optical modulation, high-speed optical
switching and data processing."* Molecular systems with
extended m-conjugation exhibit remarkable NLO responses,
primarily driven by efficient intramolecular charge transfer
(ICT) from the electron-donating (D) to electron-accepting (A)
groups through m-linkers. Reported studies highlight various
structurally engineered frameworks, such as donor-acceptor,
donor-m-acceptor, donor-m-acceptor-mt—donor, donor-m-m-
acceptor, and donor-acceptor-m-acceptor, that have been
tailored to enhance charge delocalization and NLO
response.’>'®

In the present investigation, a series of dihydropyridine-
based systems with a donor-w-acceptor (D-m-A) configura-
tion were designed in order to evaluate their potential NLO-
activities. The m-spacer is the key structural unit that deter-
mines the degree of electronic delocalization and charge
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transfer across the molecule. This study primarily focuses on
evaluating the NLO response of 2-oxo-6-thiophen-2-yl-1,2-
dihydro-pyridine-3-carbonitrile derivatives. The study is based
on the findings of Vishrutha et al., who described the synthesis
of  4-(9-methyl-9H-carbazol-3-yl)-2-oxo-6-thiophen-2-yl-1,2-di-
hydro-pyridine-3-carbonitrile, a non-fullerene chromophore
with superior optoelectronic properties. Here, the study has
been expanded using computational modeling of the NLO
parameters together with nonlinear optical data analysis in
order to further elucidate the NLO properties of this family of
compounds. The structural motif, 9,9'-bifluorenylidene, is
a framework in which two fluorene entities are bonded through
a single bond, endowing it with flexible conjugation. Similarly,
the  2-oxo-6-thiophen-2-yl-1,2-dihydro-pyridine-3-carbonitrile
spacer facilitates efficient charge migration from the donor to
the acceptor region, enhancing ICT. The 9-methyl-9H-carbazole
moiety acts as a strong electron-donating fragment, imparting
stability and favorable optoelectronic characteristics to the
designed molecules. Malononitrile-based acceptors are exten-
sively utilized in the construction of organic optoelectronic
materials since they possess high electron-withdrawing ability
and superior conjugation with 7-systems. Cyano (-CN) groups
on the malononitrile moiety significantly enhance the electron-
accepting power of the molecule, allowing efficient ICT in push-
pull architectures. Given these properties, malononitrile deriv-
atives have found wide use in the preparation of high-
performance materials in NLO and other photonic devices.?**!
Herein, these malononitrile-based acceptors were utilized to
design CTP1-CTP6 chromophores for NLO applications. Their
optoelectronic properties were explored through DFT/TD-DFT
methodologies, and, based on the results, it is anticipated
that these chromophores will be reasonable candidates for
optical devices.

Computational procedure

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) investigations were executed using
the Gaussian 16 package.?* Initially, the M06 functional® and 6-
311G(d,p) basis set were utilized for optimization of the
frequency calculations for all the derivatives (CTPR and CTP1-
CTP6). The absence of negative frequencies confirmed the
stability of the optimized structures. By utilizing these opti-
mized structures, different analyses, such as absorption prop-
erties (UV-Vis), frontier molecular orbital (FMOs), transition
density matrix (TDM), and electron hole investigations, were
conducted in order to investigate the electrical and optical
characteristics of the entitled chromophores. The NLO proper-
ties were investigated with the M06 functional along with the
diffuse basis set 6-311G+(d,p). Various software packages were
used to extract information from the Gaussian output files.
Avogadro software* was used to generate the FMO diagrams,
HOMO-LUMO orbitals and their corresponding energies.
PyMOlyze 1.1 program® was used to interpret the orbital
composition spectrum of the designed molecules. The UV-
Visible data were extracted using GaussSum,*® and graphs
were generated using Origin 8.5 software.”” Moreover, the
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natural bond orbitals (NBOs) study, to ascertain the stability
pattern of the designed compounds, was conducted using the
NBO 7 program.?® The values of the dipole moment ("), linear
polarizability («),* first-order hyperpolarizability (B¢oa), and
second-order hyperpolarizability (yora1)** Were calculated using

eqn (1)(4).

= (u + p,” + )" (1)
(@)= (e + ay, + @) )
Biotar = (B + 8,7 + 81" (3)
where B, = By + Bayy + Brzzr By = Byyy + Brsy T Byzz and Bz = oz +
Brse + Byye

() =+/rd+7,2 472 (4)

1 ..
where, v; = 15 Z(’Yg/z + Vijij + Yzw) L] = {x,y,z}.

The frequency-dependent NLO responses calculated in this
study correspond to various photonic phenomena, including
second-harmonic generation (SHG), third-harmonic generation
(THG), the electro-optic pockels effect (EOPE), and the electro-
optic Kerr effect (EOKE). In particular, SHG arises from the
first-order hyperpolarizability term g(—2w; ®, w), THG is
determined by the second-order hyperpolarizability v(—2w; w,
w, w), EOPE corresponds to 8(—w; w, 0), while EOKE is described
by v(—w; w, 0, 0). These dynamic first hyperpolarizability can be
represented by the following equation

B(w) = [(8,> + B,*+ B (5)

The second harmonic generation (SHG) coefficients are
calculated using the following equation

Bi = B —2w, w, w) + 51‘/‘/(—2&’: w, ) + B 2w, w, w)  (6)

The electro-optical Pockels effect (EOPE) coefficients are
calculated by following equation

Bi = Bii(—w, w, 0) + 16[/']‘(—(1)’ w, 0) + Bii(—w, w, 0) (7)

The frequency-dependent second-order hyperpolarizability
is calculated as follows

)= 7

)+ 712 (@) + 72 () (8)

Results and discussion

In the current research, the electronic and nonlinear optical
properties of the proposed compounds were studied to inves-
tigate their potential applications in optoelectronic devices. The
reference compound, CTPR, and six dihydro-pyridine based
compounds CTP1-CTP6, with D-m-A configuration, were
designed by substituting different effective acceptor groups: 2-
(6-fluoro-2-methylene-3-oxo-indan-1-ylidene)-malononitrile as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Al, 2-(5,6-difluoro-2-methylene-3-oxo-indan-1-ylidene)-
malononitrile as A2, 2-(5,6-dichloro-2-methylene-3-oxo-indan-
1-ylidene)-malononitrile as A3, 1-dicyanomethylene-3-oxo-
indan-5,6-dicarbonitrile as A4, 2-(2-methylene-5,6-dinitro-3-
oxo-indan-1-ylidene)-malononitrile as A5 and 2-(2-methylene-
3-0x0-5,6-bis-trifluoromethyl-indan-1-ylidene)-malononitrile as
A6, as reported in the literature.* In all derivatives (CTP1-
CTP6), different acceptor species were used while the donor
moiety was retained. Fig. 1 illustrates the structural tailoring of
the compounds. ChemDraw structures of all the studied chro-
mophores are shown in Fig. S1, while their optimized geome-
tries are shown in Fig. 2. Table S1 lists the IUPAC names of
CTP1-CTP6 compounds. Tables S2-S8 show the Cartesian
coordinates of all compounds.

The D-m-A framework was adopted to enhance the opto-
electronic and NLO properties of the designed compounds. This
study aims to evaluate their NLO performance and potential for
optoelectronic applications. The influence of different electron-
withdrawing groups was explored by modifying the acceptor
units. Quantum chemical analyses were performed using DFT/
TD-DFT (M06/6-311G(d,p)) to assess energy gaps (Eg), UV-visible
absorption (Apmax), global reactivity parameters (GRPs), binding
energies (E), and NLO parameters ({«), tiotaly Btotals Ytotal)- The
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results provide valuable insights for future experimental
synthesis and the development of efficient NLO materials.

Planarity parameters

To evaluate how the m-spacer affects the overall planarity of the
m-conjugated frameworks, Multiwfn** was used to determine
the molecular planarity parameter (MPP) and span of deviation
(SDP) from the plane. The MPP estimates the structure's overall
deviation from the plane, whereas SDP indicates the divergence
of individual sections from planarity.** The structure will be
more planar if MPP and SDP are lower, which ultimately leads
to improved conjugation across the structure. In addition, the
estimated maximal positive deviation (MPD) and maximal
negative deviation (MND) from the fitted plane gave an indi-
cation of which atoms in the whole structure deviated from the
plane most. All of these parameters are displayed in Table 1.
The MPP values of all the designed compounds (CTPR-
CTP6) fall between 0.525 and 1.395 A, indicating the
compounds have generally planar structures. Among all
compounds, CTP1 and CTP2 have the lowest MPP values,
showing that their structures are planar, and their balanced
MPD and MND values support the conclusion that these
derivatives almost lie in one plane. This enhanced planarity

L]

NC NH

Reference
Compound

.-""!f-
___—TInsertions of
o - Acceptors

Fig. 1 Graphical representation of the design of CTPR—CTP6 chromophores by utilizing various malononitrile-based acceptors.
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Fig. 2 Optimized geometries of designed compounds (CTPR-CTP6) obtained at the M06/6-311G(d,p) level of theory.

might be due to the strong mw-electron delocalization between
donor, m-spacer and acceptor, and the absence of steric
hindrance. This planarity enhances orbital overlap and
promotes efficient charge transfer.

24144 | RSC Adv, 2026, 16, 24141-24156

The reference compound CTPR displays a slightly higher
MPP value (0.720 A), which suggests a moderately planar
geometry. The slight deviation is due to torsional strain between
the donor and the m-linker, which makes the conjugated
backbone twist slightly. However, the molecule continues to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Planarity parameters for the investigated compounds

Compounds MPP (A) SDP (A) MPD (A) MND (A)
CTPR 0.720 2.740 1.334 —1.407
CTP1 0.525 2.508 1.265 -1.243
CTP2 0.531 2.539 1.262 -1.278
CTP3 0.780 3.563 1.911 -1.651
CTP4 0.830 3.770 1.972 ~1.798
CTP5 0.810 3.767 2.182 -1.585
CTP6 0.866 3.782 2.191 ~1.590

have a reasonable coplanarity and electronic contact between its
subunits. Conversely, compounds CTP3-CTP6 have increased
MPP values (0.780-0.866 A), which implies reduced planarity.
This may be due to steric congestion and electrical repulsion
generated by more electron-drawing substituents on the
acceptor end. In conclusion, smaller, planar molecules with
strongly electron-drawing substituents but less sterically
hindered structures (CTP1, CTP2) retain their high planarity
and efficient m-delocalization, which favors charge transfer and
optical activity. Bulky or highly polarizable groups (CTP3-
CTP6), in their turn, experience higher torsion and reduced
coplanarity, which leads to low conjugation. The overall
planarity trend is as follows: CTP1 < CTP2 < CTPR < CTP3 <
CTP5 < CTP4 < CTP6. Both the steric and electronic effects of the
substituents have a significant influence on the planarity of the
molecules, the charge transport, and the optical functionality of
the D-mt-A systems.

Frontier molecular orbitals (FMOs)

The FMO analysis is a significant method for assessing the
optoelectronic properties of a molecule.***” The HOMO and
LUMO denote the molecule's tendency to donate and accept an
electron, respectively, with a smaller energy gap between them
indicating stronger CT interactions.***" Molecules with a small
energy gap are generally classified as soft, indicating higher
reactivity and lower stability.*> Conversely, electronic systems
with a large energy gap are hard, signifying lower reactivity and
greater stability (Fig. 3).#**

The Kohn-Sham HOMO-LUMO energy gap of the reference
molecule CTPR is large, at 3.802 eV. Although this large gap can
qualitatively indicate a weaker ICT character, it is important to
remember that the Kohn-Sham gap itself is a functional-
dependent artifact of DFT and, unlike excitation energies, is
not an observable quantity. There are structural adjustments
that result in observable decreases in this KS gap of the
designed derivatives. The qualitative interpretation of this trend
is an increase in electronic interaction and coupling between
the donor and acceptor portions of the molecule, which is
a requirement for strong NLO activity.

A moderate reduction in the KS AE of the chromophores
CTP1 and CTP2 (to 2.668 and 2.677 eV, respectively) is in line
with the electron-withdrawing character of the fluoro and di-
fluoro substituents that stabilize the LUMO. On the same note,
CTP3 exhibits a small reduction in the KS gap (2.604 eV) upon
replacement with the dichloro group. The largest decreases in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the KS gap are found in CTP4 (2.385 eV) and CTP5 (2.327 eV).
Although these small KS gaps are a sign of high donor-acceptor
couplings, the real NLO potential of these gaps is not the gap
value, but the character of the low-lying electronic transitions,
which should be determined by methods such as TD-DFT.
Pictograms and values of HOMO-1, LUMO+1, HOMO-2,
LUMO+2, and their energy gaps in eV are presented in Fig. S2
and Table S9.

The enhanced NLO potentials of CTP4 and CTP5 are
explained with the help of the electronic density distribution of
the frontier molecular orbitals (FMOs). The HOMO and LUMO
in CTPR are relatively localized, indicating that there is limited
electron-density migration during excitation. Conversely, CTP4
and CTP5 have a distinct separation in space: in the HOMO, the
electronic cloud is mostly concentrated on the donating moiety,
whereas in the LUMO, it is dispersed by the area of the electron
acceptor with the dicyano or dinitro functional groups. Such
a strong HOMO-LUMO decoupling is a characteristic of effec-
tive ICT and the main source of their improved first- and third-
order hyperpolarizabilities. The strong donor-acceptor separa-
tion leads to reduced HOMO-LUMO spatial overlap, which
enhances charge-transfer character and contributes to a smaller
Kohn-Sham energy gap. The uniform reduction in LUMO
energy of all derivatives relative to CTPR provides further
evidence of their better electron-accepting capability, which
facilitates the process of charge transfer that is necessary for
NLO responses. To conclude, the Kohn-Sham HOMO-LUMO
gap is an effective qualitative indicator of trends in a congeneric
series, although the ultimate evaluation of NLO performance
must be made by a detailed examination of excited-state prop-
erties, transition dipole moments, and hyperpolarizabilities
obtained using more complex theories.

The stability and chemical reactivity obtained using the
HOMO-LUMO energies of the designed compounds are
explained using global reactivity parameters. These parameters
include ionization potential (IP),* electron affinity (EA),*
chemical potential (u),*” global hardness (7),*® electronegativity
(X),* global electrophilicity (), and global softness (¢).”*** The
global hardness (n) of the reference molecule CTPR reflects its
resistance to charge transfer, indicating its low reactivity.
Conversely, the designed derivatives have significantly lower n
values, indicating greater charge-transfer ability and polariza-
tion under external electric fields, especially CTP5 and CTP4.
While global softness (o), the reciprocal of hardness, increases
across the derivatives, suggesting higher polarizability. Detailed
values of the global reactivity descriptors are presented in Table
S10, while detailed equations are displayed in the SI S1-S8.

UV-Visible absorption analysis

TD-DFT computations were conducted in both liquid and
gaseous phases to evaluate the UV-Visible absorption spectra of
the studied compounds. Table 2 displays significant variables,
such as oscillator strength (f,s), excitation energy (E), excitation
wavelength (1), and the variety of molecular orbital (MO) tran-
sitions. These features play a crucial role in determining the
photophysical behavior and NLO performance of the

RSC Adv, 2026, 16, 24141-24156 | 24145
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Fig.3 Calculated HOMO and LUMO energy levels along with their corresponding molecular orbital isosurfaces for all the studied compounds at

the M06/6-311G(d,p) level of theory.

compounds.” The six lowest transitions are listed in Tables
S11-S24.

Table 2 indicates that, in the solvent phase, CTPR has the
highest absorption at 368.07 nm with an excitation energy of
3.369 eV and a moderate oscillator strength (f,s = 0.538), which
is a HOMO—2 to LUMO (52%) transition. When the structure is
altered, a unique bathochromic shift in the absorption peaks of
the derivatives is observed, indicating increased m-conjugation
and efficient ICT. It is interesting to note that CTP4 and CTP5

24146 | RSC Adv, 2026, 16, 24141-24156

have pronounced redshifts, with absorption maxima at
553.85 nm and 559.57 nm, respectively, which signify low
excitation energies of 2.239 eV and 2.216 eV, respectively. These
redshifts coincide with the lower HOMO-LUMO energy gaps
that were found in the FMO study. On the same note, the
chromophore CTP3 was found to exhibit intense absorption
with strong oscillator strengths (f,s = 1.269 and 1.129, respec-
tively), implying transition probabilities. The absorption
spectra in the gaseous phase follow the same pattern, with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Computed UV-Vis values of CTPR and CTP1-CTP6 in chloroform and the gaseous phase®

Phases Compounds DFT A (nm) E (eV) Jos MO contributions

Solvent phase CTPR 368.07 3.369 0.538 H-2 — L (52%)
CTP1 516.41 2.401 0.728 H-2 — L (88%)
CTP2 512.14 2.421 0.668 H-2 — L (90%)
CTP3 508.210 2.439 1.269 H-2 — L (93%)
CTP4 553.85 2.239 0.699 H-2 — L (93%)
CTP5 559.57 2.216 0.594 H-2 — L (91%)
CTP6 534.18 2.321 0.728 H-2 — L (93%)

Gaseous phase CTPR 367.14 3.377 0.430 H-1 — L (89%)
CTP1 535.52 2.315 0.504 H-2 — L (65%)
CTP2 537.38 2.307 0.526 H-2 — L (71%)
CTP3 510.03 2.431 0.483 H-2 — L (72%)
CTP4 578.74 2.142 0.463 H-2 — L (95%)
CTP5 584.25 2.122 0.406 H-2 — L (92%)
CTP6 552.76 2.243 0.387 H-2 — L (84%)

“ MO = molecular orbital, H = HOMO, L = LUMO, f,s = oscillator strength, and A (nm) = wavelength.

a slight variation in the spectra. The parent compound CTPR
has an absorption at 367.14 nm with an excitation energy of
(3.377 eV), which has a low oscillator strength. However, the
designed derivatives, particularly CTP4 and CTP5, exhibit
strong redshifted absorptions at 578.74 nm and 584.25 nm,
which are associated with lower excitation energies of 2.142 eV
and 2.122 eV, respectively. These outcomes confirm that there is
an increase in ICT and molecular polarizability in both phases
upon altering the end-capped acceptor groups.

Gaussian-broadened MO spectrum

Analysis of the Gaussian-broadened MO spectrum reflects the
number of electronic conditions that can be seen at specific
energy levels and gives significant information on the energetic
changes and the general electronic structure.”® To further
explore the electronic properties of CTPR and CTP1-CTP6 and
corroborate the FMO results, Gaussian-broadened MO spectral
analysis was performed, as shown in Fig. 4. The Gaussian-
broadened MO plots are used to show the distribution of elec-
trons between the HOMO and LUMO regions, with the x-axis
representing the energy and the y-axis being the relative inten-
sity. The results of the quantitative contribution of the donor, -
spacer, and acceptor fragments to the FMOs of the compounds
studied are summarized in Table S25. The electronic cloud in
HOMOs are predominantly localized on the donor units (94.2—
94.6%), with minor m-spacer involvement (5.4-5.7%) and
negligible acceptor contribution, highlighting ground-state
electron density and efficient ICT. In contrast, in LUMOs, the
electron density displays greater variability as they are mainly
localized on the m-spacer (91.3%) for CTPR, whereas in the
designed derivatives CTP1-CTP6, a distinct shift toward the
acceptor regions is observed, particularly for CTP5 (83.4%) and
CTP4 (78.1%), indicating enhanced electron-withdrawing
behavior and improved ICT efficiency. Detailed orbital contri-
bution trends are provided in Table S25. Acceptor involvement
in the HOMOs is negligible in all compounds, except CTP2 and
CTP6, which both have a marginal 0.1% contribution. The
HOMO mostly resides in the donor segment, and the LUMO is

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

primarily located in the acceptor segment, with the m-spacer
facilitating charge transfer.

The orbital composition pictographs (Fig. 4) depict the elec-
tron distributions in terms of donor (red), m-spacer (green) and
acceptor parts (blue), with the total orbital composition shown in
black. The remarkably good agreement between orbital localiza-
tion and orbital composition analysis qualitatively indicates that
smaller HOMO-LUMO gaps can be associated with ICT and
better charge delocalization. This electronic behavior suggests an
enhancement in molecular polarizability and further substanti-
ates the anticipated qualitative trends in the second- and third-
order NLO responses of these compounds.

Transition density matrix (TDM)

The transition density matrix (TDM) serves as an effective tool to
explore the transition processes and the rate of ICT in a conju-
gated system. The three-dimensional TDM plots offer visual
images of donor-acceptor interactions in the excited-state
species and reveal the electron-hole localization. Hydrogen
atoms make little contribution to electronic transitions there-
fore, excluded from this analysis.

The CTPR heat map showed a high intensity mainly about
the D-m region, evidencing strong excitation localization at the
D-mt interface. This behavior indicates the presence of limited
charge transfer, where electron density mainly transfers from
the donor orbitals to the m-conjugated part, showing weak ICT.
On the other hand, the TDM of CTP1, shown in Fig. 5,
demonstrated a broader and less localized charge-transfer
pathway. In comparison to CTPR, the motion of electron
density spread was more extended along the 7-bridge to the
acceptor segment, which indicated a higher conjugation and
interaction among molecules. The CTP1 drives the increase in
charge separation and indicates a possible increase in charge
mobility, resulting in improved optoelectronic properties. In
contrast, compound CTP2 had a much more dispersed transi-
tion density along the D-m-A axis. The TDM complex plot
indicates defined contact sites with the donor/acceptor through
the -system, indicating better charge transport in the

RSC Adv, 2026, 16, 24141-24156 | 24147
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Fig. 4 Gaussian-broadened MO plots of the designed compounds CTPR—-CTPS, illustrating the electronic cloud probability at different parts of

the chromophores.

molecule. This means that CTP2 has better alignment of its

an increase in the NLO response.

24148 | RSC Adv, 2026, 16, 24141-24156

The charge transfer in CTP4 and CTP5 through the T-spacer
FMOs, which leads to charge transfer over longer distances and between the acceptor and donor is efficient. The above results
from TDM analysis indeed show the migration of excitations in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TDM heat maps for CTPR—-CTPS6, illustrating Sp to S; transitions.

CTPR and CTP1-CTP6. This means that the donor and 7-spacer
units can be modified to greatly affect the CT process, which is
effective for improving the NLO and optoelectronic properties
of these compounds.

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

Hole-electron analysis

The electron-hole analysis provides useful information with
respect to the charge carriers and excitations present in the
designed materials CTP1-CTP7.>* Based on the analysis
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performed with Multiwfn 3.8, it is found that all the designed
compounds have substantial ICT. The hole state distribution is
mainly kept on the sulfur atom of the thiophene m-spacer, and
the electron density is on the acceptor position (in particular on
C25), supporting efficient charge transfer from the donor to the
acceptor part. The sulfur-based 7-spacer plays a dominant role
in charge redistribution, leading to asymmetric charge separa-
tion, which might lead to an enhanced NLO response through
an increase in the molecular hyperpolarizability. As shown in
Fig. 6, several holes are localized on the m-linker between the
donor and acceptor; electron density is largely centered on the
acceptor portions. The hole-electron analysis of the excitation
of Sy to S; makes a valuable contribution to the study of the
charge-transfer properties of the entitled chromophores (Table
S37). It is observed that the excitation energies decrease from
CTPR (3.115 eV) to CTP5 (1.956 eV), which supports the
evidence that the structural modification is successful in
reducing the optical energy gap and promoting the movement
of electrons within the designed derivatives. In all the
compounds, the centroid distance between the hole and elec-
tron of the compound is highest in CTPR (D index = 2.310 A),
and the overlap integral is the largest (S, = 0.35395), indicating
a balanced role of local excitation and charge transfer.
Conversely, the derivatives CTP1-CTP6 exhibit relatively low
S, values (0.0978-0.2186), suggesting a stronger charge-transfer
nature and less overlap between the holes and electrons. The
breadth of hole and electron distribution, as characterized by H
(A), is marginally larger in derivatives with the largest value of
(3.613 A), which corresponds to CTP2, meaning that charge
density is more spatially segregated. The HDI and EDI values
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also confirm this point, with the derived indices (HDI = 8.0-8.5
and EDI = 5.8-6.2) indicating stabilized electron-hole distri-
butions on the molecular framework.

It is worth noting that both the excitation energy of CTP4 and
CTP5 and their S, values are lower, meaning that the ICT is
more pronounced, which is favorable for the NLO response. The
hole-electron analysis in general indicates that structural
tuning of the designed chromophores is a good method for
improving the charge separation as well as the ICT properties
over those of the reference compound, and can enhance their
optoelectronic and NLO activity.

Molecular electrostatic potential

The molecular electrostatic potential (MEP), shown in Fig. 7,
exhibits regions of nucleophilicity (red) along with electroneg-
ative regions on the dihydropyridine. The nature of the MEP is
determined by the distribution of electron density; high elec-
tron density occurs in the regions marked in red, which means
that these sites possess a negative electrical potential (nucleo-
philic). Low electron density is indicated by blue areas with
positive electrical potential (electrophilic).>* On the MEP map, O
atoms positioned in the red regions function as nucleophiles,
whereas H atoms in the blue regions are electrophiles. These
reactive regions are essential for identifying potential interac-
tion sites and predicting favorable binding conformations of
the molecule.

Natural bond orbitals (NBO)

Natural bond orbital (NBO) analysis offers valuable insights into
the nature of chemical bonding and electronic interactions
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Fig. 6
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Fig. 7 MEP pictographs of CTPR-CTP6, showing the nucleophilic and electrophilic regions of the entitled compounds.

within molecules. It explains various intramolecular and inter- NBO analysis is used extensively to determine natural charges in
molecular charge-transfer interactions and provides informa- donor-m-acceptor (D-7-A) frameworks. In the present study,
tion on the nature of charge distribution in organic systems. NBO analysis was performed on the investigated compounds to

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2026, 16, 24141-24156 | 24151
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evaluate the second-order perturbation stabilization energy £,
which serves as a key indicator of charge delocalization and
hyperconjugative interactions.*® The stabilization energy (i.e.,
E®) for each donor (i) to acceptor (j) transition, indicating i — j
delocalization, is calculated using eqn (9).

2
£ =g F) ©)

& — &

Here, E® represents the stabilization energy, E; and E; are the
orbital energies of the donor and acceptor, respectively, g; is the
occupancy of the donor orbital, and F;; is the Fock matrix
element between the NBOs.”” The summarized results are pre-
sented in Table S33, while detailed values are provided in Tables
526-S32.

The parent compound, CTPR, exhibits significant T — 7*
and lone pair (LP) — 1* delocalization with higher stabilization
energies. The (C16-C18) — m*(C13-C15) interaction exhibits
a stabilization of 23.56 kcal mol™', whereas the LP(N1) —
m*(C2-C4) interaction demonstrates a stabilization of
24.86 kecal mol~". This indicates that nitrogen rapidly donates
its charge to the conjugated backbone. For the derivatives, CTP1
exhibits a stronger ICT than CTPR. Among all the derivatives,
CTP1-CTP4 displayed significant ® — =* interactions and
LP(N1) — w*C2-C4) transitions, contributing 25—
37 kcal mol ™!, with strong donor-acceptor overlap. This indi-
cates the role of the heteroatoms in enhancing ICT. The highest
charge-transfer network is found in CTP5, where the interaction
between 7 and LP is synergistic; i.e., an LP(N1) — 7 (C2-C4) at
28.23 kcal mol™'. CTP6 exhibits similar stabilization energies
(25-36 kcal mol™'), with the electron delocalization in the
conjugated framework being supported by @ — w* and LP —
T*interactions.

In summary, it expolites that structural changes enhance
intramolecular charge transfer, particularly when the appro-
priate positions of nitrogen and sulphur atoms are included.
These findings underscore the structure-property relationships,
highlighting the role of structural modifications in tuning NLO
properties.

Non-linear optical properties

Polarizability and hyperpolarizability are important for under-
standing the structure-property correlation of molecules for
potential NLO properties. High values of polarizability, large
dipole moments, and high hyperpolarizabilities lead to good
NLO performance. Linear polarizability ({«)) describes the
extent to which an applied electric field can distort a molecule's
electron cloud, while hyperpolarizability (8, v) reflects the
intrinsic atomic and molecular contributions to various
nonlinear optical effects.”® The computed Biora values and
major contributing tensor of derived compounds are given in
Table 3.

The dipole moment values vary significantly among the
examined compounds, ranging from the lowest at 6.6900 D
(CTP5) to 12.6704 D (CTPR). The highest dipole moment,
observed for CTPR, reflects its enhanced ICT character, sug-
gesting stronger donor-acceptor interactions. Among the

24152 | RSC Adv, 2026, 16, 24141-24156
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designed derivatives, CTP1 (9.2204 D) and CTP2 (10.0615 D)
maintain relatively high polarity, supporting efficient donor-
acceptor interactions. para-Nitroaniline (p-NA) is used as
a reference compound and, according to the literature, its
standard dipole moment is 4.9662 D. It is observed here that all
the derivatives have higher dipole moments than p-NA.>* The
dipole moment follows the ascending order: CTPR (12.67) <
CTP2 (10.06) < CTP3 (8.74) < CTP6 (6.90) < CTP4 (6.84) < CTP5
(6.70).

The average polarizability ((«)) values show a gradual
increase from 0.6992 x 10> esu (CTPR) to 1.321 x 10 > esu
(CTP1). All designed derivatives exhibit higher («) values than
the reference compound CTPR, indicating enhanced electronic
delocalization facilitated by donor-m-acceptor interactions and
incorporation of diverse acceptor units. The () values are in the
following descending order: CTP1 (1.321 x 102> esu) > CTP4
(1.443 x 10" ** esu) = CTP5 (1.421 x 10 >* esu) > CTP6 (1.381 x
107>* esu) > CTP3 (1.356 x 10> esu) > CTP2 (1.260 x 10~ **
esu) > CTPR (6.992 x 10> esu). Table S34 shows the dipole
polarizability and dominant tensor component (in esu) of the
studied chromophores using different diffuse basis sets.

The first hyperpolarizability (8iota1) Serves as a key parameter
for evaluating the NLO response. Among all the studied
compounds, CTP4 exhibits the highest B (9.279 x 1072%
esu), significantly surpassing that of the reference CTPR,
reflecting its superior NLO efficiency. Similarly, CTP5 (9.012 x
1072® esu) also demonstrates remarkable enhancement
compared to the reference. All derivatives have higher Biota
values than p-NA, which is 3.610 x 107*! esu.* The descending
trend is: CTP4 (9.279 x 10~>® esu) > CTP5 (9.012 x 102 esu) >
CTPR (8.172 x 10~ ?° esu) > CTP6 (7.977 x 10 >® esu) > CTP3
(6.478 x 10~>® esu) > CTP1 (6.287 x 10~ >® esu) > CTP2 (5.836 x
10~ %% esu). Notably, CTP4 and CTP5 exhibit the highest 8 values,
which can be attributed to stronger push-pull electronic effects
and extended m-conjugation, facilitating efficient charge trans-
fer across the molecular backbone. Table S35 shows the
computed first hyperpolarizability (8:a) and major contrib-
uting tensors (esu).

The second hyperpolarizability (yi1) exhibited a consistent
pattern under these conditions, which varies between 4.993 x
10 ** esu (CTPR) and 6.144 x 10~ ** esu (CTP4), with the order:
CTP4 > CTP5 > CTP6 > CTP2 > CTP3 > CTP1 > CTPR. Similarly,

Table 3 Dipole moment, polarizability, and hyperpolarizabilities of the
investigated compounds (CTPR and CTP1-CTP6) using diffuse basis
sets”

Compounds il (@) X 107 Biotar X 1072y x 1073
CTPR 12.6704 0.0699 0.817 0.499
CTP1 9.2204 1.321 6.287 4.641
CTP2 10.0615 1.260 5.836 4.623
CTP3 8.7466 1.356 6.478 4.942
CTP4 6.8493 1.434 9.279 6.144
CTP5 6.6990 1.421 9.012 5.991
CTP6 6.8985 1.381 7.977 5.229

a D s .
Mtotal 1N D; <0[>, ﬁtotal and Ytotal 1N €SU.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the magnitude of v follows: CTP4 (4.231 x 10~ ** esu) > CTP5
(4.130 x 107* esu) > CTP6 (3.611 x 107 >* esu) > CTP3 (3.543 x
107% esu) > CTP2 (3.209 x 10> esu) > CTP1 (3.202 x 10~
esu) > CTPR (3.914 x 10 ** esu), confirming that substitution
significantly enhances the third-order NLO properties.

Among all the derivatives, CTP4 emerges as the most
promising candidate for NLO applications, owing to its excep-
tionally high dipole moment, polarizability, and both first- and
second-order hyperpolarizabilities. The frequency-dependent
NLO responses of the designed compounds were calculated at
laser wavelengths of 532 nm (w = 0.042823 esu) and 1064 nm (w
= 0.085645 esu), as summarized in Table S36. These properties
encompass the electro-optic pockels effect (EOPE), §(—w, w, 0),
and second-harmonic generation (SHG), 6(—2w, w, w), corre-
sponding to the first-order responses, as well as the electro-optic
Kerr effect (EOKO), y(—w, w, 0, 0), representing the third-order
nonlinear response. These evaluations were performed to
assess the potential of the studied systems for frequency-
dependent NLO applications. From Table S36, it is evident
that the first hyperpolarizability values exhibit strong wave-
length dependence. At 532 nm, the (—w, , 0) and §(—2w, v, ®)
values are markedly higher for most derivatives compared to the
static field. When compared to TD-DFT excitation energies, the
S1 transition is found to be around 2.21-2.45 eV in the
considered systems, so the frequency of 532 nm is in the vicinity
of the electronic resonance. This near-resonant condition leads
to significant enhancement of § values relative to the static
limit. Conversely, 1064 nm is farther from the main excitation
energy, so it shows only moderate enhancement. Thus, the high
frequency-dependent § values are caused by resonance effects
and not necessarily intrinsic electronic nonlinearity. Notably,
CTP4 demonstrates an exceptionally large 8(—w, w, 0) of 1.704 x
102" esu and B(—2w, w, ) of 5.057 x 10>’ esu, indicating its
strong response toward external electric fields and significant
potential for first-order NLO processes. Among the other
derivatives, CTP5 and CTP6 also display relatively high 8 values,
suggesting pronounced charge-transfer characteristics under
the applied frequencies. The third-order NLO responses (Table
S36) further reinforce the wavelength-dependent behavior.

A standard reference NLO molecule is para-nitroaniline (p-
NA), and the first hyperpolarizability of this molecule is nor-
mally approximately 6.3 x 10 >° esu. By comparison, the ol
values of all the examined chromophores are significantly
larger, in the range of 10~ >® esu, which is roughly 100-1000
times higher than that of p-NA. This significant improvement
underscores the high NLO activity of the developed systems,
especially CTP4 and CTP5, owing to their good donor-m-
acceptor structure and improved charge-transfer properties.
Thus, these chromophores offer good prospects for high-tech
optoelectronic and photonic applications. All of these results
suggest that the NLO responses are closely dependent on the
probed frequency; CTP4 and CTP5 exhibit enhanced perfor-
mance in electro-optic and harmonic generation. These find-
ings demonstrate the tunability of the designed chromophores
for specific optoelectronic, photonic and telecommunication
applications.

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

Here, the CTPR derivatives were designed for use in NLO
materials by structural modeling with efficient acceptors at one
terminal. The electron withdrawing groups were introduced at
the terminal acceptors to improve the push-pull framework
which improved ICT and efficiency for NLO property in entitled
compounds. The designed electron-acceptor D-t-A chromo-
phores exhibited tunable electronic and optical properties with
energy gaps in the range of 2.327 to 3.802 eV and subsequent
redshifted lowest energy absorption peaks, indicating efficient
charge delocalization. Among the studied compounds, CTP4
exhibited the lowest energy gap (2.327 eV), highest softness
(0.429 ev™"), and lowest hardness, suggesting its superior
reactivity. The NLO analysis revealed that CTP4 possesses the
highest hyperpolarizability (Bt = 9.279 x 10 %% esu, Yot =
6.144 x 10> esu), confirming its robust second- and third-
order NLO response. Overall, the newly designed CTPR deriva-
tives, especially CTP4, emerge as promising candidates for
future nonlinear optical and optoelectronic device applications.
These results show a clear structure-property relationship. The
CTP4 design is suitable for applications needing optical trans-
parency, while for high-performance NLO devices—where
strong nonlinear response is key—CTP4 and CTP5 are the most
promising systems. It provides a systematic classification that
establishes a logical framework for selecting specific CTP-based
molecules according to the target optoelectronic application.
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