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ABSTRACT: Nonlinear optical (NLO) materials have several uses in many fields such as solid physics, biology, medicine, nuclear
physics, and material research. Therefore, a series of nonfullerene-based derivatives (CC10D1—-CC10D8) with a D—z—A
configuration was planned for the NLO investigation using CC10R as the reference molecule with structural alternations at acceptor
moieties. Natural bonding orbital (NBO), UV—vis spectra, frontier molecular orbitals (FMOs), global reactivity parameters (GRPs),
transition density matrix (TDM), and density of states (DOS) were analyzed using the M06/6-311G(d,p) functional in chloroform
solvent to understand the NLO responses of CC10R and CC10D1—CC10D8. The highest occupied molecular orbital (HOMO)—
lowest unoccupied molecular orbital (LUMO) band gaps of CC10D1—CC10D6 were illustrated to be lower than that of CC10R,
with the larger bathochromic shift (726.408—782.674 nm) resulting in a significant NLO response. Along with the band gap, the
FMO method also identified an efficient interfacial charge transfer from D to A moieties via a n-bridge, which was further supported
by the DOS and TDM map. Moreover, NBO calculations demonstrated that extended hyperconjugation and strong internal
molecular interactions were important in their stabilization. The dipole moment (y), linear polarizability (a), hyperpolarizability
(Brota), and second-order hyperpolarizability (7,,.,) Were studied for CC10R and CC10D1—CC10D8. Among all of the derivatives,
CC10D2 was proven to be the most appropriate candidate because of its suitable NLO behavior such as being well-supported by a
reduced band gap (2.093 eV) and having a suitable maximum absorption wavelength (782.674 nm). Therefore, CC10D2 was
reported to have a greater value of first hyperpolarizability (208 659.330 a.u.) compared with other derivatives and CC10R. For the
second hyperpolarizability, a greater value was obtained for CC10R (5.855 X 107 a.u.), and its derivatives showed results comparable
to that of the parent chromophore for y,..,. This theoretical framework reveals that structural customization with different acceptor
units plays a significant role in obtaining attractive NLO materials for optoelectronic applications.

B INTRODUCTION including molecular dyes, synthetic resins, and inorganic and

In the last few decades, nonlinear optic (NLO) materials have
become significant in the field of photonic and optoelectronic
materials." The field of nonlinear optics includes studies of the
first-, second-, and third-order nonlinear optical properties, i.e.,
electro-optic and photorefractive effects, second-harmonic
generation, etc. The development of NLO materials has become
a region of advanced research in both experimental and
theoretical areas.” Enormous scientific attempts have been
made in the past few decades to discover distinct NLO materials,
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organic semiconductor diodes. Orgamc NLO materials are
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Scheme 1. Sketch Map of the Designed Chromophores (CC10R and CC10D1—-CC10D8) and Series of Acceptors Used for the

Modulation of the CC10D1-CC10D8 Compounds

preferred for their tremendous benefits over inorganic ones such
as their small dielectric constant value, high values of
photoelectrical coefficients, low cost, schematics, ease of use,
involvement of z-bond system electron delocalization, and

elastic designing.” To increase the charge-transfer capability,
organic chromophores are combined with fullerene-based
acceptor moieties. Nevertheless, fullerene chromophores are
reported to have a few defects such as poor photostability and
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Figure 2. 2D structures of the studied compounds (CC10R and CC10D1-CC10D8).

the least absorption in the visible region.” Recently, the attention molecules because of their capability to adopt different chemical
of scientists has shifted from fullerene to fullerene-free structures, tunable energy levels, wide range of electron affinities,
23534 https://doi.org/10.1021/acsomega.2c02052
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and facile synthesis.” NLO properties of organic compounds are
assumed to emerge because of the powerful intramolecular
charge transfer (ICT), which includes the transmission of the
electron cloud from donor to acceptor segments via 7-linkers.
The ICT progression can be effected through a donor—z—
acceptor organization of the nonlinear optical materials,
establishing a “push—pull” mechanism. The non-centrosym-
metric z-spacer chromophores enhance the density of CT
between electron donors (D) and acceptors (A), thus
accomplishing first-, second-, and third-order nonlinear polar-
izabilities.”*

In the past several years, many metal-free organic D—A
compounds have been recognized as NLO materials with 7-
linkers, which provide a route for the transfer of electrons under
the influence of an electric field.” Further, the z-conjugated
system provides an efficient transfer of charges from the donor to
the acceptor.'” It is also observed that 7-conjugated linkers with
a suitable length enhance the NLO properties.'" Many organic
molecules are investigated using a simple D—z—A configuration
that supports significant photoinduced ICT through chromo-
phores.” The NLO characteristics of these D—z—A species can
be effectively adjusted by substituting suitable D and A segments
and 7-spacers at appropriate sites. The literature contains
numerous reported designs, i.e., D—A, D—n—A, A—n—D—7n—A,
D—n—A—7n—D, D—n—n—A, D—A—7n—A, and D—-D—7z—A,
where “D” stands for the donor moiety, “z” stands for the 7-
spacer, and “A” refers to the acceptor unit."” These designs
facilitate good communication between the D, 7, and A units to
build an appropriate push—pull architecture. Thus, appropriate
push—pull arrangements cause a decrease in the molecular
orbital band gap, boost asymmetric electrical density distribu-
tion, and cause a bathochromic shift of the absorption spectra,
hence providing a well-known NLO response. However,
extending the 7-conjugation, by introducing various electron-
deficient end-capped groups (nitro, cyano, and halogen groups)
in the structure of the NFAs, boosts the NLO responses of
fullerene-free chromophores. The introduction of a cyano group
in the acceptor moiety makes the molecular surface electrostatic
potential (SEP) positive, improves the vertical electron affinity
(VEA), and lowers the energy of the lowest unoccupied
molecular orbital (LUMO)."” Because of the higher electron-
withdrawing ability of the —CN group, it is used in the
manufacture of fused-ring electron acceptors (FREAs) express-
ing a high photovoltaic effect.'* The introduction of fluoro
groups (fluorination) to the design of acceptor materials also
enhanced ICT in the chromophore due to the higher electron-
withdrawing ability of fluorine.'> NF molecules having a cyano
group at the acceptor along with halogens (fluoro and chloro
units) exhibited noteworthy NLO behavior but produced
environmentally toxic products when used as a photonic
material. Therefore, by replacing the —CN unit with a —NO,
unit, environmentally friendly photovoltaics can be synthe-
sized."® Therefore, considering the above features, here, we
designed a novel series of strong push—pull chromophores with
a D—n—A architecture (CC10D1-CC10D8) from A—z—A-
configured CC10R."” According to our literature review, NLO
properties of the reference and designed compounds has not
been investigated so far. Therefore, an NLO investigation of
these D—z—A-type species is presented in this research paper.
The density functional theory (DFT) and time-dependent
density functional theory (TD—DFT) computations for the
abovementioned chromophores were carried out to perform
FMO, natural bonding orbital (NBO), global reactivity

parameter (GRP), absorption spectra, density of states
(DOS), transition density matrix (TDM), and NLO analyses
in chloroform. It is anticipated that the modulated compounds
CC10D1-CC10D8 would play a substantial role in the NLO
field. We expect that this investigation might serve as the
springboard for experimental physicists and chemists for the
synthesis of chemical chromophores with outstanding NLO
characteristics.

B RESULTS AND DISCUSSION

The current study is focused on computational analyses of NF-
based chromophores for comprehensive NLO responses. The
structural modeling of chromophores was performed by
changing the configuration from A—z—A to D—7—A and then
introducing various acceptor units (see Scheme 1). The IUPAC
names and abbreviations of the used acceptors are given in the
Supporting Information. The derivatives (CC10D1—-CC10D8)
contain three fragments, the donor (9H-carbazole), -spacers,
and acceptors, which enhanced their conjugation length and
thereby boosted their NLO responses. The parent compound
CC10 has a A—7—A architecture,'” where the hydrocarbon
chain n-hexyl (—C4H ;) group is used as the spacer. Nonethe-
less, in our investigation, the hydrocarbon chain n-hexyl
(—Cg4H,3) group was replaced with a methyl (—CHj,) group at
the spacer moieties in CC10 to overcome the computational
cost. Therefore, the name of the reference chromophore is
changed from CC10 to CC10R, as shown in Figure 1. A series of
molecules, namely, CC10D1-CC10D8, were designed by
amending the acceptor moieties in the fullerene-free parent
compound (CC10R), as displayed in Figure 2. The z-linker of
CC10R and the donor moiety of CC10D1 were preserved in all
other designed molecules. The optimized geometries of the
entitled chromophores with their atom numbers are shown in
Figure S1, whereas their ChemDraw structures are displayed in
Figure 2. The structures of the entitled molecules were
optimized by investigating their vibrational frequencies at the
MO06/6-311G(d,p) level. The computed geometrical parame-
ters, i.e,, bond lengths (A) and bond angles (°), are presented in
Tables S1—S9. For CC10R and CC10D1-CC10DS, in the
benzene ring, the C—C bond lengths of C28—C29, C28—C30,
and C29—C31 were calculated to be 1.395, 1.392, and 1.386 A,
respectively. These simulated bond lengths of the benzene ring
were found to be in excellent harmony with the literature values
of C—C bond lengths.18 Furthermore, bond distances in the
thiophene ring, such as C1-C2, C3—C4, and C3—S8, of the
entitled molecules were found to be 1.379, 1.401, and 1.750 A,
respectively, which are in excellent agreement with experimental
values.'® For CC10R, the bond lengths of C1-C2, C1-C39,
C3—S8, C55—NS56, and C64—065 were found to be 1.378,
1.517, 1.749, 1.155, and 1.206 A, respectively. Similarly, the
bond angles of C33—C28—-C59, C61-C27—-C64, C22—C62—
C63, and C23—C22—C62 were calculated to be 127.9, 117.5,
124.7, and 131.8° respectively. Further, the bond angles of
C56—C58—C59 and C57—CS59—CS8 were calculated to be
119.9 and 120.2°, accordingly, in CC10D1-CC10D8. The
abovementioned simulated bond lengths and angles are found to
be in excellent harmony with the literature data. The main
objective of the current study was to design novel NF-based
compounds that exhibited promising NLO properties. Com-
prehensive analyses have been performed to study the electronic
properties, polarizability (@), first hyperpolarizability (Bi1),
second hyperpolarizability (¥ow1), spectral absorption, highest
occupied molecular orbital (HOMO)/LUMO band gaps, and
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NBOs by DFT and TD—DFT computations to explore the
NLO properties of CC10D1—-CC10D8. It is anticipated that
the compounds designed by us (CC10D1—-CC10D8) with a
D—n—A configuration show a strong push—pull mechanism that
will result in stronger intramolecular charge-transfer (ICT)
properties. Further, we also expect that this study will motivate
future researchers to synthesize and analyze NLO materials with
excellent properties.

Electronic Structure. Frontier molecular orbital (FMO)
analysis is a remarkable approach to study the various electronic
transitions, molecular reactivities, chemical stabilities, and
optical behaviors of organic systems.'” The energies of the
highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) play a key role in the
optical and electronic characteristics of compounds.”” HOMOs
exhibit the ability of nucleophiles to donate electrons, whereas
LUMOs express the ability of electrophiles to accept electrons
from nucleophiles.”’ The FMO energy gap (Egap = Eiymo —
Enomo) of chromophores is considered to be a significant factor
in determining the extent of softness, dynamic stability,
hardness, and reactivity of molecules.”” A chromophore with a
small Eg, is generally regarded as a less stable, more reactive,
softer molecule with a larger polarizability and an excellent NLO
response.nb’z‘g’24 In this study, we calculated the Eyopo and
Elumo, molecular orbital energy gaps (AE) of the aforemen-
tioned chromophores at the M06/6-311G(d,p) level, and the
obtained results are provided in Table 1.

Table 1. Egomor Erumos and Energy Gap (AE) of the Entitled
Compounds (Units in eV)

compounds Eiumo Enomo AE
CCI10R —3.635(—4.016)  —5.954(—6.215) 2.319(2.199)
CC10D1 —3.472 —=S5.778 2.303
CC10D2 —-3.729 —5.822 2.093
CC10D3 —3.572 —5.787 2.218
CC10D4 —3.699 5.822 2.123
CC10DSs —3.502 —-5.762 2.261
CC10D6 —3.678 —5.833 2.155
CC10D7 —3.302 —5.748 2.446
CC10D8 —-3.299 —=5.733 2.434

Table 1 shows that the computed HOMO/LUMO values of
the reference compound are —5.954/—3.635 eV, which is
extremely close to the experimentally determined values of
—6.215/—4.016 eV."” These results support the selection of the
appropriate functional (M06) for the NLO study of CC10R and
CC10D1-CC10D8 compounds. Interestingly, all of the
derivatives expressed a reduction in the band gap (2.093—
2.303 eV) compared to their parent molecules (2.319 eV),
except CC10D7 and CC10D8 chromophores. This might be
because the modulation of the D—z—A pattern in place of
A—n—A promotes efficient internal charge transfer, which
results in a decrease in the orbital energy gap.'” By replacing one
terminal acceptor DMM with the 9H-carbazole donor unit and
the other with a DBT acceptor moiety, the energy band gap in
CC10D1 is reduced to 2.303 eV compared with that of CC10R
(2.319 eV) because of the development of a strong push—pull
architecture along with the enlargement of resonance. Further
reduction in the energy gap is observed in CC10D2 (2.093 eV)
when the DBT acceptor unit is replaced with (Z)-2-(2-
ethylidene-6, 7-dinitro-1-oxo-1, 2-dihydro-3H-benzo[b] cyclo-
penta [d]thiophen-3-ylidene) malononitrile (MDC). The

shuffling of the chloro (—Cl) with two nitro (~NO,) groups
into MDC enhanced the electron-withdrawing effect of the
acceptor, resulting in a powerful pull—push structure. A slight
increase in AE (2.21S eV) was noticed when the MCT acceptor
unit was introduced into CC10D3, where —NO, groups are
replaced with —CFj; units, as —CF; has a lower electrone§ativity
and electron-withdrawing effect compared with —NO,."”"* The
band gap narrowed (2.123 eV) once again as the MCT acceptor
was replaced again with the DCS moiety in CC10D4, where the
—CF; unit is shuffled with the —SO;H group. Similarly, a slight
increase in the energy gap (2.26 eV) in CC10DS was noticed
when the —SO;H units were substituted with two acetate groups
(—=COOCH,;) in ((Z)-2-(2-ethylidene-6,7-dimethyl-1-oxo0-1,2-
dihydro-3H-benzo[b]cyclopenta[d]thiophen-3-ylidene)-
malononitrile-carbon (IV) oxide (1/2)) (DMO). The intro-
duction of the MOD acceptor group in CC10D6 was found to
further narrow down the energy gap, as —COOCH,; is replaced
by cyano (—CN) groups. This might be due to the fact that
—CN groups are more electronegative than the —COOCH;
group; ® therefore, the enhanced electron-withdrawing behavior
of MOD resulted in boosting the capability of the push—pull
configuration. Therefore, it is concluded that a higher
electronegativity of the moieties improved the movement of
the electron cloud in the direction of A due to inductive electron
withdrawal.”

Among all derivatives, CC10D7 and CC10D8, with MCM
and MOC acceptor groups, expressed larger band gaps of 2.446
and 2.434 eV, respectively. This may be because of their different
chemical frameworks, lower conjugation, and less efficient
push—pull mechanism because of the absence of electronegative
units as compared with other derivatives.”’

Consequently, CC10D2 has the lowest band gap among all
modulated structures because of the enhanced 7-conjugation
and resonance by two highly electron-withdrawing —NO,
groups substituted at its acceptor region. In short, the energy
gap between HOMOs and LUMOs of the respective
compounds decreases in the following order: CC10D7 >
CC10D8 > CCI10R > CC10D1 > CC10DS > CC10D3 >
CC10D6 > CC10D4 > CC10D2. This order demonstrates that
structural tailoring by introducing various electronegative
substituents at the acceptor moiety is an excellent way to reduce
band gap values and hence enhance the NLO response.

The magnitude of the energy gap accounts for the shift of the
electron cloud from D to A assisted by z-linkers, which is
evidence of the NLO material’s functionality.*® The surfaces of
FMOs are utilized to explore the transfer of charges, as shown in
Figure 3. In CCI10R, a slight change in the charge density over
HOMO-LUMO is noted. The charge density is mainly
concentrated across the 7-linker and to a small extent across A
units. In the designed compounds (CC10D1-CC10DS8), the
electron cloud for HOMO is mostly prevalent over the z-spacer
and partially across the donor. However, in LUMOs, a minor
part of the electron charge density is generally present on the
acceptor portion and the major part is present on z-spacers. This
implies that the electron donor species are linked to electron
acceptor units with the help of 7-spacers, which facilitate charge
transfer between the D and A moieties. Because of this charge-
transfer phenomenon, all of the studied compounds might be
regarded as important NLO constituents.””

Density of States (DOS). The density of states analysis was
used for the determination of electronic properties to support
the FMO analysis”® of CC10R and modulated compounds
(CC10D1-CC10DS8), as revealed in Figure 4. The DOS results
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Figure 3. HOMOs and LUMOs of the investigated compounds (units in eV).

supported the results that are displayed in FMO diagrams. The and LUMOs.”” The designed compounds (CC10D1—
patterns of electron charge distribution on molecular orbitals CC10D8) were divided into three moieties, i.e., the donor
depend on the different acceptor moieties, which could be unit (donating group), the z-spacer (linker), and the acceptor
confirmed by calculating the DOS percentages on the HOMOs moiety (end-capped acceptor unit), as shown by red, green, and
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Figure 4. Graphical representation of DOS for CC10R and CC10D1-CC10DS8.

blue lines, respectively, in the graphs. However, the reference
compound (CC10R) is segmented into two parts (acceptor and
7-spacer) because of the A—r—A configuration (See Figure 2).
In this study, the acceptor showed an electron distribution

23538

pattern of 72.3, 81.9, 86.1, 84.6, 83.5, 85.5, 85.0, 80.4, and 83.4%
to the LUMO and 16.9, 8.6, 8.9, 8.5, 8.7,8.3,9.1, 7.9, and 8.5% to
the HOMO for CC10R and CC10D1—-CC10D8, respectively.
The donor contributed 0.1,0.1,0.1,0.1,0.1,0.1, 0.1, and 0.1% to
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Table 2. Oscillator Strength (F,,), Wavelength (1), and Excitation Energy (E) of CC10R and CC10D1—-CC10D8"

compounds A (nm) E (eV)
CCI10R 714.354 1.736
CC10D1 709.896 1.747
CC10D2 782.674 1.584
CC10D3 741.305 1.673
CC10D4 774.944 1.599
CC10DSs 726.408 1.706
CC10D6 758.679 1.634
CC10D7 665.539 1.863
CC10D8 666.685 1.859

fos MO contributions
1.602 H— L (95%), H-1 —» L+1 (2%)
0.538 H - L (93%) H-2 > L (2%), H-1 - L (3%)
0.489 H— L (93%), H-1 > L (3%)
0.486 H - L (93%), H-2L (2%), H-1 - L (3%)
0.503 H — L (94%), H-1 —» L (3%)
0.493 H— L (93%), H-2 » L (2%), H-1 —» L (3%)
0.529 H — L (94%), H-1 —» L (3%)
0.509 H— L (94%), H-2 > L (2%), H-1 — L (2%)
0.585 H— L (93%), H-2 — L (2%), H-1 — L (3%)

“MO = molecular orbital; H = HOMO; L = LUMO; f,, = oscillator strength.
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Figure S. Absorption spectra of entitled compounds (CC10R and CC10D1-CC10DS8).

the LUMO and 9.8, 12.0, 11.3, 12.0, 10.3, 11.2, 8.8, and 9.3% to
the HOMO in CC10D1—-CC10D8, respectively. Similarly, the
7-spacer contributed 27.7, 18.0, 13.8, 15.3, 16.4, 14.4, 14.9, 19.5,
and 16.5% to the LUMO and 83.1, 81.7, 79.2, 80.2, 79.3, 81.4,
79.7, 83.3, and 82.2% to the HOMO for CC10R and CC10D1—
CC10D8, respectively, as shown in Table S19. These
contributions show that the electron-withdrawing influence of
the end-capped A unit changes the distribution pattern around
the HOMOs and LUMOs and also affects the band gap between
them. The HOMO and LUMO electron density of CC10R is
mainly situated on the z-linker and to a minor extent on the
acceptor. In the case of CC10D1, the HOMOs are
predominately located on the acceptor as well as the z-spacer,
with a smaller involvement of the donor moiety, whereas the
LUMOs are mainly distributed on the s-bridge group and
equally on the donor and acceptor groups (see Figure 3). In the
DOS graphs, the negatively charged values obtained represent
HOMOs, whereas positively charged values demonstrate the
LUMOs along the x-axis, and the distance between them
represents the energy gap.’’ In CC10R, the highest density on
the HOMO and LUMO is present on the spacer and the
acceptor. For CC10D1 and CC10D2, the highest peak of the
density on the HOMO at —11 eV is confined by the 7-spacer,
whereas on the LUMO, most of the density is between 2 and 3

eV and is also trapped by the spacer, thus showing the transfer of
electrons from the spacer to the acceptor. For CC10D3 and
onward, the maximum charge density (—10 to —13 eV) on
HOMOs is trapped by the acceptor and s-spacer, and the
maximum density (2 to 4 eV) on LUMOs is trapped by the 7-
spacer, except for CC10D7. For CC10D7, on HOMOs, the
maximum density of —10 to —14 eV is occupied by the spacer,
and on LUMOs, the maximum density (1—5 eV) is located on
the spacer, which indicates the movement of charge density from
the D unit to the acceptor moiety through the z-linker. To sum
up the whole discussion, the pictographs of density distribution
in Figure 4 display the electron delocalization and a substantial
amount of charge transfer occurring in all modulated
compounds CC10D1-CC10D8 from the donating group
(donor) to the acceptor unit through the z-bridge.

UV-Vis Spectral Analysis. In an attempt to understand the
absorption peaks of the entitled chromophores, UV—vis
investigations were performed at the M06/6-311G(d,p) level
in chloroform. The type of electron transition, maximum
absorption (A, oscillator strength (£,,), and excitation energy
(E) of CCI0R and CC10D1-CC10D8 compounds were
determined, and are displayed in Table 2, whereas the six lowest
singlet—singlet transitions are detailed in Tables S11—S19.
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Table 3. Computed Global Reactivity Parameters of CC10R and CC10D1—CC10D8 (Units are in eV)

compounds P EA X
CC10R 5.954 3.635 4.794S
CC10D1 5.775 3.472 4.624
CC10D2 5.822 3.729 4.776
CC10D3 5.787 3.572 4.680
CC10D4 5.822 3.699 4.761
CC10DSs 5.762 3.502 4.632
CC10D6 5.833 3.678 4.756
CC10D7 5.748 3.302 4.525
CC10D8 5.733 3.299 4.516

n u w o
1.159 —4.794 9913 0.431
1.152 —4.624 9.282 0.434
1.047 -4.776 10.896 0.478
1.108 —4.680 9.886 0.451
1.062 —4.761 10.675 0.471
1.132 —4.632 9.494 0.442
1.078 —4.756 10.494 0.464
1.223 —4.525 8.371 0.408
1217 —4.516 8.379 0.411

It is estimated that a polar medium convoluted in the 7—7*
stabilization state connected with the n—7z* state by the
utilization of a suitable electron level.”" Generally, the energy
of transition of a molecule in chloroform is influenced by
polarity effects and van der Waal forces.*” This feature implies
that hydrogen bonding and dipolar interactions play a key role in
the stabilization of the first singlet electron level of the
chromophore® because the solvent polarity enhanced the
absorbance toward a bathochromic shift. The excited state is
considered to be highly polar compared with the ground state
and consequently more stabilized in chloroform than the ground
state.>® From the above table, we can find that all entitled
chromophores exhibited absorbance spectra in the visible
region. For the reference chromophore, the computed A, is
noted at 714.354 nm, which is comparable to its experimental
absorption peak at 736 nm."” It was observed that the effect of
the acceptor moiety on A, caused the absorption spectra to
undergo a red shift.”* All derivatives expressed larger absorption
peaks (726.408—782.674 nm), except CC10D1, CC10D7, and
CC10DS8. The absorption spectrum of CC10D1 was observed
at 709.896 nm, with 1.747 eV transition energy and an oscillator
strength of 0.538, which is comparable to that of the parent
chromophore (4,,,; = 714.354 nm and excitation energy = 1.736
€V). The maximum absorption peak (4,,,, = 714.354) increased
from 726.408 and 741.305 nm in CC10DS and CC10D3 with
lower excitation energies (E = 1.706 and 1.673 eV) as the
electron-withdrawing moieties (—COOCH, and —CF;) were
introduced on the acceptor units, respectively. Further, a red
shift was observed in CC10D6, CC10D4, and CC10D2 when
more powerful electron-withdrawing units —CN, —SO;H, and
—NO,, respectively, were incorporated into the A unit, which
created a strong push—pull architecture that narrowed down the
excitation energy. By removing the electron-withdrawing unit
and changing the framework of the acceptor units in CC10D7
and CC10DS8, a blue shift in the absorption spectra was observed
(see Table 2 and Figure S). The A, of all entitled compounds in
ascending order was as follows: CC10D7 < CC10D8 <
CC10D1 < CCI10R < CC10DS < CC10D3 < CC10D6 <
CC10D2. Similarly, the transition energies in the ascending
order were as follows: CC10D2 < CC10D4 < CC10D6 <
CC10D3 < CC10DS < CCI10R < CC10D1 < CC10D8 <
CC10D7. The enhancement in 4,,, and the least excitation
energy values show that the entitled chromophores possess a
large charge-transfer ability, and consequently, facile excitation
might occur over the HOMO—LUMO. The above-discussed
HOMO/LUMO examination of entitled molecules supports the
absorbance spectra with respect to higher A, values and the
least transition energy, which guide them to enrich their
photoelectric response. Concisely, CC10D2 expressed the least
excitation energy, the lowermost band gap, and the greatest 4.,

absorbance, which make it an ideal material with suitable
optoelectronic properties for use in the NLO field.

Global Reactivity Parameters. The energy values of
FMOs are undoubtedly important factors for the estimation of
the global reactivity parameters (GRPs), ie., global electro-
philicity index (@), electron affinity (EA), global softness (o),
chemical potential (y), electronegativity (X), ionization
potential (IP), and global hardness (7). Basically, the electron-
donating and electron-accepting capacities are determined by
the ionization potential as well as electron affinity, which is
exactly equal to the energy required to pull electrons from the
HOMO. In a chemical system, the reactivity and stability can be
determined by the chemical hardness [ = —(E yp0 — Enomo)/
2], which is a measure of resistance to change in the electron
density or charge in a chromophore.35 Similarly, electro-
negativity [¥ = —(Euomo + Erumo)/2] is described as the
power of an atom in a species to attract electrons toward itself.*®
In the same way, the electrophilicity index (@), the capacity or
propensity of a compound to accept electrons, was introduced
by Parr and is estimated using the electronic chemical potential
and chemical hardness [@ = p2/257].”” The value of electro-
negativity of a molecule is defined as the chemical potential,
which is determined using the expression y = (Eyomo +
Eruno)/2.22%%% There is a direct relation between hardness (17),
energy gaps, stability of a compound, and chemical potential
(u), whereas in the case of reactivity, this relationship is
inversed.**” The calculated results of GRPs are tabulated in
Table 3.

The data from the above table show higher values of IP =
5.733—5.954 eV and EA = 3.299-3.729 eV, with a larger
electronegativity (X = 4.516—4.794S eV), which characterize
the ability of the entitled chromophores to pull electrons toward
themselves. These results explain their greater tendency to
accept electrons because of the existence of robust A moieties.
All of the designed compounds had lower values of global
hardness, with softness values higher than that of the parent
molecule, indicating that the modulated chromophores have a
higher reactivity along with a longer rate of polarizability, which
boosted the NLO characteristics of these molecules. Further,
high electrophilicity and chemical potential (# = —4.516 to
—4.794 eV) values indicate a high capability to withdraw
electrons and hence to act as electrophiles. The influence of the
A moiety on the accumulation of a highly negative chemical
potential () consequently makes the molecule highly polar-
izable, more reactive, and less stable, as demonstrated in the
abovementioned molecules. Overall, this investigation found
that the effective CT ability of molecules amid their LUMO and
HOMO orbitals results in an improved polarizability and
notable NLO behavior.
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Natural Bonding Orbital Analysis. Natural bond orbital
(NBO) analysis describes the charge distribution, types of intra-
and intermolecular transitions, and types of bonding and
interactions in organic systems.”” One of the most significant
aspects of the NBO study is that it allows one to observe the
delocalization of charge densities and their transfer from the D
to A region of a system with the D—z—A configuration.”’
Therefore, we executed an NBO analysis to evaluate the inter-
and intramolecular transitions, such as hydrogen bonding,
conjugative interactions, and delocalization of CCI10R and
CC10D1-CC10D8, which result in system stabilization, as
tabulated in Tables S20—S28. The stabilization energy as well as
the conjugative interactions were calculated using the second-
order perturbation theory."' The stabilization energy E@
associated with the delocalization from i — j for each donor
(i) and acceptor (j) is determined as follows:

(E,)

EQ2) = AE, = 97—~
’ (Ej - E) (1)
where the donor orbital occupancy is represented by g, the off-
diagonal elements are shown by F;;, and the diagonal NBO Fock
matrix elements are represented by E; and E; Intensive
interactions between the electron donor and acceptor moieties
depend on higher stabilization energy E® values. The larger the
value of E(Z), the larger the intensive interaction between the
electron-rich and electron-deficient counterparts of molecules.**
Normally, four different types of hyperconjugative events are
found: i.e., 7 — 7*, 6 — 0%, LP — 7%, and LP — o* due to the
overlapping of orbitals. Transitions from 7 — 7* are the most
dominant, LP — ¢* and LP — 7* are slightly dominant, whereas
6 — o* are the least dominant. In CC10R, for the 7 — #*
transition, a strong intramolecular hyperconjugative interaction
was observed as 7(C22—C23) — 7*(C24—C25), having the
highest stabilization energy of 24.58 kcal/mol. However, the
7(C1—-C2) — #*(C1—C2) transition has the lowest stabiliza-
tion energy of 0.5 kcal/mol. This low energy is associated with
weak donor—acceptor push—pull interactions. Moreover, in ¢
— o transitions, 6(C1—C2) — 6%(C4—S7) has the highest
energy value of 8.41 kcal/mol and 6(C1-C2) — ¢*(C4—S7)
has the lowest energy value of 1.21 kcal/mol. Among other LP
— o* transitions, LP(2) (S7) — #*(C3—C4) has the highest
energy of 27.84 kcal/mol, whereas LP(2) (CI39) — o*(C21—
C26) has an energy value of 0.53 kcal/mol. In CC10D1, for 7 —
7* transitions, the highest interaction energy (23.81 kcal/mol)
is observed in 7(C21—C22) — #*(C70—C72), whereas the
lowest interaction energy (13.24 kcal/mol) is observed for
7(C82—C86) — #*(C15—C16). Further, among 6 — o*
transitions of CC10D1, the highest interaction energy (9.15
kcal/mol) is observed in the 6(C83—H84) — ¢*(C23—C54)
transition, whereas the lowest interaction energy (0.51 kcal/
mol) is observed in 6(C3—C4) — ¢*(C2—C9) transition.
Among LP — z* interactions, LP(1) (N67) — z*(C24—CS0)
has the highest energy of 33.53 kcal/mol, whereas LP(2) (C175)
— 0%(C22—C70) exhibits the lowest energy value of 0.52 kcal/
mol.

In CC10D2, for the 7 — 7™ transition, strong intramolecular
hyperconjugative interactions are observed in the 7(C21—-C68)
— 7%(C71—C72) transition, with the highest stabilization
energy of 27.82 kcal/mol, whereas the z(C54—CSS) —
7*(C23—C81) transition has the lowest stabilization energy of
8.37 kcal/mol. Moreover, among ¢ — ¢* transitions, o(C1—
C2) — 06*(C4—S7) has the highest energy value (8.63 kcal/

mol) and 6(C6—S7) — 6*(C3—C4) has the least energy (0.51
kcal/mol). Among LP — #* transitions, LP(1) (N67) —
7*(C51—C89) has the highest energy (37.60 kcal/mol),
whereas LP(2) (096) — 6*(C71—C72) has the lowest energy
of 0.51 kcal/mol. In CC10D3, # — #* transitions exhibit the
highest stabilization energy (23.01 kcal/mol) in z(C15—C16)
— 7%(C11—C14) transition, whereas 7(C1—C2) — m*(C9—
C10) exhibits the lowest energy (14.84 kcal/mol). The 6 — o*
transition 6(C1—C2) — ¢*(C4—S7) exhibits 8.64 kcal/mol as
the highest stabilization energy, whereas 6(C6—S7) — ¢*(CS—
C6) exhibits the lowest energy value (0.51 kcal/mol). The LP —
7% transitions have the highest value of 33.40 kcal/mol for the
LP(1) (N67) — n*(C24—CS0) transition and the lowest value
(0.51 kcal/mol) for the LP(2)(F97) — o¢*(C21-Cé68)
transition. In CC10D4, the important 7 — #* electron
transition exhibits the highest stability value (24.66 kcal/mol)
for 7(C21-C22) — #*(C70—C72), whereas 7(C54—CSS) —
7*(C23—C81) has the lowest stabilization energy (8.41 kcal/
mol). Furthermore, for 6 — ¢* transitions, the highest energy in
6(CS55—C58) — 6*(C58—NS9) is observed to be 8.38 kcal/
mol, whereas the lowest energy in 6(C3—C4) — ¢*(C2—C9) is
observed to be 0.52 kcal/mol. Among other LP — x*
transitions, an even higher value of 33.30 kcal/mol is observed
for LP(1)(N67) — #*(C24—CS50) transition, whereas the least
value of 5.76 kcal/mol is observed for LP(2) (095) — 6*(S96—
099) transition. For CC10DS, the 7 — #* transition having the
highest interaction energy (22.86 kcal/mol) is observed in the
7(C15—C16) — n*(C11—C14) transition, whereas the z(CS—
C6) — #*(C3—C4) transition is observed to have the lowest
interaction energy of 14.52 kcal/mol. The o(C81-H82) —
0%(C23—C54) transition has the highest energy of 9.05 kcal/
mol, whereas the 6(C6—S7) — ¢*(C3—C4) transition is of the
lowest energy (0.50 kcal/mol). The LP — z* transition LP(2)
(093) - #*#(C91—092) has the highest interaction energy
(47.07 kcal/mol) and LP(1) (N67) — 6*(S18—C34) is noted
to have the lowest energy of 10.49 kcal/mol.

For CC10D6, the strongest hyperconjugative interaction
within the molecule is observed between 7 — #*, with the
highest energy contributions (24.97 kcal/mol) during the
r(C2—S88) — x*(C2—C9) transition, whereas the lowest
energy contribution (13.37 kcal/mol) is observed in the
7(C80—C84) — 7*(C15—Cl16) transition. However, among
6 — o* transitions, the highest energy is observed for 6(C72—
C91) — 6*(C91—-N92) (8.93 kcal/mol), whereas the lowest
energy (0.51 kcal/mol) is observed for the o(C6—S7) —
6*(C3—C4) transition. For LP — #* transitions, the highest
energy found for LP(1) (N67) — 7*(C24—C50) is 33.42 kcal/
mol and the lowest energy observed for LP(1) (N67) — o*
(S18—C84) is 10.69 kcal/mol. In CC10D7, the important 7 —
7% electron transition with the highest stabilization energy
(23.65 kcal/mol) is observed in the 7(C19—C20) — 7*(C54—
CSS) transition and the lowest stabilization energy (13.13 kcal/
mol) is observed in the z(C75—-C78) — #*(C15—C16)
transition. Meanwhile, among 6 — o¢* transitions, 6(C76—
H77) — 0%(C23—CS54) has the highest stabilization energy
(9.02 kcal/mol) and 6(C3—C4) — 6*(C2—C9) has the lowest
stabilization energy (0.50 kcal/mol). However, among LP — 7*
transitions, the highest stabilization energy is observed in
LP1(N67) — n*(C24—C50) (33.57 kcal/mol), whereas the
least value is observed in the LP1(N67) — o¢*(S18—C78)
transition (10.95 kcal/mol). For CC10DS8, a strong intra-
molecular hyperconjugative 7 — 7* interaction with the highest
stabilization energy (24.15 kcal/mol) is observed in the z7(C19—
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Figure 6. TDM graphs of the reference (CC10R) and the designed molecules (CC10D1—-CC10D8).

C20) - 7*(C54—CSS) transition. The 7(C1-C2) — n*(C1—
C2) transition is found to have the lowest stabilization energy of
0.51 kcal/mol, whereas the 6(C1-C2) — 06%(C4—S7)
transition has the highest stabilization energy of 8.57 kcal/mol
and ¢(C1-C2) — 06%(C2—S8) has the lowest stabilization
energy (0.60 kcal/mol). However, LP — 7z* has the highest
value of 33.55 kcal/mol for the LP(1)(N67) — n*(C24—CS50)
transition, whereas the lowest value (10.64 kcal/mol) is
calculated in the LP1(N67) — o6*(S18—C78) transition.
Many other significant transitions are also noted in CC10R
and CC10D1-CC10D8, which are presented in Tables S20—
528. Consequently, the NBO investigation of the aforemen-
tioned compounds showed that the enhancement in hyper-
conjugation and large intramolecular charge transfer play
significant roles in stabilizing these investigated compounds.
Moreover, it enhances CT characteristics that are vital for an
NLO response.

Transition Density Matrix (TDMs) and Excitation
Binding Energy (Ep). The transition density matrix analysis
is extensively used to understand the extent of transitions and
their nature in the studied compounds. The electron excitation,
extensive interactions between D and A species, and the
electron—hole localization can be determined by TDM
calculations.”” The TDM heat maps of CCIOR and

CC10D1-CC10D8 were determined by TDDFT computa-
tions at the M06 functional. In the present study, the influence of
H atoms was neglected by default due to the very small
contribution. The TDM diagrams of all investigated species
demonstrate the nature of transitions in the aforementioned
compounds, and the outcomes are shown in Figure 6. For the
abovementioned analysis, we divided the reference CC10R into
two parts, the donor and the acceptor, whereas the newly
designed compounds (CC10D1—CC10D8) were divided into
three parts, i.e., the donor, the z-bridge, and the acceptor.

The TDM maps demonstrated that in CC10R, charge is
transferred diagonally, which is located mainly in the acceptor
blocks. In the newly designed molecules, minor charge
coherence was seen in the #-bridge and the majority in the
acceptor unit. A remarkable diagonal transfer of electron charge
was obtained in modulated CC10D1—-CC10D8 molecules. The
behavior and attributes of electron accumulation in the entitled
compounds confirmed that the charge coherence shifts
successfully from the donor via the z-bridge to the acceptor,
as displayed by the green and red dots on the heat map. No
charge was observed on the D unit, whereas a small amount of
charge was observed on the 7-bridge and a denser electron cloud
was seen on A segments, which indicated significant transfer of
density without any tapping. It also demonstrated that the
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coupling of electrons of all modulated species (CC10D1—
CC10D8) may be lower than that of the reference molecule, but
it could show very high and easy excitation dissociation in the
excited state. Figure 6 illustrates the TDM functionality and
charge distribution. Another significant and promising factor to
estimate optoelectronic properties is the binding energy, which
helps in finding the excitation dissociation potential.”> The
binding energy (E,) values of CC10R and CC10D1-CC10D8
compounds were calculated by eq 2:

Eb = EH—L - Eopt (2)

Here, Ey;_; shows the energy gap between HOMO and LUMO.
E,, designates the least energy required for the first excitation,
which is attained from S, to S, the first singlet excited state
energy, by creating a pair of hole and electron.** These
computed results achieved for E, values of CC10R and
CC10D1-CC10D8 are tabulated in Table 4. The binding

Table 4. Computed HOMO—LUMO Band Gap (E,_),
Binding Energies (Eg), and First Singlet Excited State
Energies (Eg,,) of the Investigated Compounds (CC10R and
CC10D1-CC10D8)

compounds Ey_1(eV) Egy (eV) E, (eV)
CCI10R 2.319 1.736 0.583
CC10D1 2.303 1.747 0.556
CC10D2 2.093 1.584 0.509
CC10D3 2215 1.673 0.542
CC10D4 2.123 1.599 0.524
CC10DSs 2.26 1.706 0.554
CC10D6 2.155 1.634 0.521
CC10D7 2.446 1.863 0.583
CC10D8 2.434 1.859 0.575

energy for CC10R was calculated to be 0.583 eV and the binding
energies of CC10D1—-CC10D8 were 0.556, 0.509, 0.542, 0.524,
0.554, 0.521, 0.583, and 0.575 eV, respectively.

The obtained results of binding energy show that the
CC10D2 compound can be easily dissociated into separate
charges and has a higher flow rate of charges due to the lowest
binding energy. All modulated compounds (CC10D1-—
CC10D8) show greater charge dissociation efficiencies and
have lower excitation binding energies (E,) than CC10R, except
for the CC10D7 molecule. The increasing pattern of binding
energies for all investigated compounds is as follows: CC10D2
(0.509) < CC10D6 (0.521) < CC10D4 (0.524) < CC10D3
(0.542) < CC10DS5 (0.554) < CC10D1 (0.556) < CC10DS8
(0.575) < CC10D7 (0.583) = CC10R (0.583). These results of
E, values for CC10D1-CC10D8 modulated compounds are in
good agreement with the results of TDM. To sum up, these
designed molecules have the least binding energies, which
support the high polarizability of the molecules, making them
appropriate materials for use in the NLO field.

Nonlinear Optical (NLO) Properties. The NLO study
progressed rapidly after the discovery of lasers and is considered
as the most promising technology toward the advancement of
several fields such as photonics, optoelectronics, and bio-
medicine.”” The basis for establishing an NLO response in
organic compounds is the asymmetric polarization due to the
push—pull architecture of the chromophore. An NLO response
actually depends on the nature of the donor and acceptor
moieties that are connected through a 7-conjugation frame-
work.'"*® The M06 functional with a 6-311G(d,p) basis set was

used to attain the NLO parameters (first- and second-order
hyperpolarizabilities) of CC10R and CC10D1—CC10DS8. The
dipole moment (p,,), polarizability (@), first-order hyper-
polarizability (Bio), and second-order hyperpolarizability
(Yeota) of the entitled molecules are listed in Table S, whereas
their contributing tensors are displayed in Tables S29—S31.

Table 5. Computed p,o.1, {@), Brotary and ¥orar, Of the Studied
Compounds CC10R and CC10D1-CC10D8“

compounds Hrotal <a> ﬂtotal Ytotal. X 107
CCI10R 1.789 2065.256 30743.497 5.855
CC10D1 5.063 1199.509 122 887.144 2.219
CC10D2 11.944 1384.652 208 659.330 3.557
CC10D3 7.549 1332.867 153 379.300 2457
CC10D4 10.760 1409.837 194 229.039 3.151
CC10DS 4.783 1382.124 137 266.966 2.327
CC10D6 12.607 1391.293 194 229.039 3.116
CC10D7 4.284 1168.865 97 661.614 1.414
CC10D8 4.925 1279.240 99 438.835 1.764

“Hiorar In Debye (D); (@), Proww and Vyory, are in au.

The dipole moment of the reference compound CC10R is
1.789 D, and all of the derivatives exhibited larger dipole
moment values (4.284—12.607 D). This enhancement in u
might be due to the alteration of the configuration from A—z—A
to D—n—A along with the introduction of strong electron-
withdrawing units. The highest value of dipole moment is
observed in CC10D6 and CC10D2, which might be due to the
presence of powerful electron-withdrawing units (—CN and
NO,). The dipole moment data reveal that for CCIOR,
CC10D1, CC10D2, CC10D3, CC10D4, and CC10D6, the
greater polarity lies along the x axis, as indicated by the dominant
values of p, (0.266982, 1.334516, 4.422983, 2.625636,
3.955706, and 4.700863 D, respectively), represented in Table
$38. In CC10DS, CC10D7, and CC10DS8, the larger polar-
izability is noted along the z-axis (¢, = 1.381098, 1.647804, and
1.846368 D, respectively). Further, we also compared results
with standard urea chromophores (e, = 1.771145 D), and our
derivatives exhibited better polarity than urea. In the case of (a),
all of the designed compounds CC10D1—-CC10D8 contain
higher values of polarizability (@) (1199.509, 1384.652,
1332.867, 1409.837, 1382.124, 1391.293, 1168.865, and
1279.240 au.) than urea (32.29690 au.). Conversely, all
derivatives exhibited comparable results of linear polarizability
with reference to the chromophore. Nevertheless, CC10D7
shows the lowest (a) value of 1168.865 a.u. among the newly
designed compounds, and the order of (a) for all studied
compounds is as follows: CC10R > CC10D4 > CC10D6 >
CC10D2 > CC10DS > CC10D3 > CC10D8 > CC10D1 >
CC10D7.

Among organic chromophores, the NLO behavior can be
determined by the efficacy of CT toward the acceptor from the
donor through their respective 7-bridges. In brief, an increase in
hyperpolarizability responses of the entitled chromophores
emerges in alliance with the delocalization of 7-electrons. This
delocalization narrows down the HOMO/LUMO band gap. As
stated in the literature, the polarizability of molecules is
considerably influenced by the HOMO—LUMO band gap, i.e.,
the smaller the band gap, the larger the polarizability values and
vice versa.” The same property has been examined for the
chromophores in our study, where compound CC10D2 showed
the largest S, value, ie., 208 659.330 a.u. with the smallest
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band gap, i.e., 2.093 eV. The first hyperpolarizability value of
compound CCIO0R is 30743.497 au. and all derivatives
exhibited excellent results (97 661.614—208 659.330 a.u.)
compared with the parent molecule because of the strong
push—pull configuration. In addition, a systematic relationship is
observed among the molecular structures and S, values. The
Proral parameter was usually enhanced with the extension of the
conjugated system, and the strength of the attached “A”
substituents such as chloro, fluoro, nitro, and cyano groups
contributes to the nonlinearity of the chromophore. Among all
of the designed compounds, the largest value of ., was noticed
in CC10D2 (208 659.330 a.u.) as it has powerful electron-
withdrawing units (—NO,) compared with other chromo-
phores. A decrease in the value of f3,.,,; was observed in CC10D6
and CC10D4 (194 229.039 a.u.) when the nitro groups were
replaced by —CN and —SO;H groups. Further decrease in Sy,
was determined when the —CN and —SO;H groups on the
acceptor were replaced with moderate electron-withdrawing
—CF; units (B = 153 379.300 a.u.), and a decrease in values
(Biota = 122 887.144 and 137 266.966 a.u.) was observed when
the —CF; unit was replaced with —Cl and —COOCH; groups in
CC10D1 and CC10DS, respectively. This might be due to the
fact that along with the inductive effect (—I), these units also
possessed a mesomeric effect (+M). Interestingly, a larger
reduction in hyperpolarizability values was observed when
MCM and MOC acceptors were utilized in CC10D7 and
CC10D8 (f o = 97 661.614 and 99 438.835 a.u.). This might
be due to the removal of the electronegative group along with
the reduction of resonance (see Figure 2). In all derivatives, the
major contribution to hyperpolarizability values was seen along
the x axis as larger values of  were obtained beside the f,,,
tensor (see Table S39), whereas the parent chromophore
showed higher hyperpolarizability values along the xz axis (f,,.=
6538.550 a.u.). The aforementioned Earameters also affect oy
amplitudes for CC10D1-CC10D8.* Among the derivatives, a
larger value of ¥, was noticed in CC10D2, and for all studied
chromophores, a large second-order hyperpolarizability re-
sponse was observed along the x axis, as shown in Table S40.
The second-order hyperpolarizability (¥, ) values of the
abovementioned compounds in descending order are as follows:
CCI10R > CC10D2 > CC10D4 > CC10D6 > CC10D3 >
CC10Ds > CC10D1 > CC10D8 > CC10D7. For a comparative
examination, we also analyzed the NLO behavior of urea
molecules used as the standard chromophore at MOG6/6-
311G(d,p), and the results are presented in Tables S38—S40.
The first-order hyperpolarizability responses of CC10R and
CC10D1-CC10D8 were 401.5616, 1605.112, 2725.44,
2003.391, 2536.957, 1792.936, 2536.957, 1275.624, and
1298.838 times greater than that of the urea, respectively.
Similarly, the second-order hyperpolarizability responses were
18610, 7053.401, 11306.420, 7809.917, 10015.893, 7396.694,
9904.640, 4494.596, and 5607.120 times larger than that of the
urea molecule, accordingly. This comparative analysis with urea
proves CC10R and CC10D1-CC10DS8 to be potential NLO
materials, with compound CC10D2 being the most efficient
among them. In addition, a conclusion of the abovementioned
discussion is that different types of acceptors with z-
conjugations play extraordinary roles in yielding notable NLO
amplitudes.

B CONCLUSIONS

In this study, a series of fullerene-free chromophores
(CC10D1-CC10D8) with a D—z—A configuration were

designed via various acceptor moieties with suitable electron-
withdrawing characteristics and fixed 7-spacers as well as donor
groups. The attained electronic assets showed that chromo-
phores with a D—z—A-type configuration exhibit more variation
in the intact behavior of derivatives than the synthetic
compounds with a A—7—A framework and have an excellent
NLO response. The frontier molecular orbital (FMO)
investigations detected a reduction in the band gap (2.093—
2.303 eV) compared with the reference chromophore (2.319
€V), with broader absorption spectra. Further, the FMO analysis
showed that an effective transfer of charge takes place from the
donor to the acceptor through the z-bridge in derivatives due to
the strong push—pull architecture compared with that of
CC10R. This excellent transfer of the electron cloud is further
supported by DOS and TDM heat maps. Moreover, NBO and
GRP studies reveal that conjugation in chromophores leads to a
higher stability of organic structures. Remarkably, smaller E,
(0.509—0.583 eV) with huge i,y (12.607—4.284 D) were
observed for the chromophores, which indicate a larger
excitation dissociation and higher polarity. Interestingly, the
NLO findings were noteworthy: S, and 7., values are found
to be 208 659.330 a.u. and 3.557 X 107 a.u., respectively, for
CC10D2, which is significantly greater that those of all
investigated chromophores. Moreover, the comparative analysis
with urea showed that the entitled chromophores exhibited
excellent NLO responses. Hence, we can use the suitable
properties of our derivatives to derive better NLO responses.
The CC10D1—-CC10D8 derivatives may fascinate researchers
in the field of synthetic chemistry. In addition, it is concluded
from our above analyses that the aforementioned NF-based
NLO molecules with a D—z—A configuration might show
brilliant properties suitable for optoelectronics-associated hitech
applications.

Computational Procedure. In the current investigation,
DFT computations were employed to estimate the nonlinear
optical properties of CC10R and CC10D1—-CC10D8 having a
D—7n—A configuration. The computational studies of the
abovementioned chromophores were executed at the M06/6-
311G(d,p) level with the help of Gaussian 09 program
package.*® To perform the natural bond orbital (NBO) analysis,
NBO 3.1 program package was utilized by applying the
aforementioned functional of DFT.” The NLO analysis was
also performed at the same level. The FMO analysis, transition
density matrix (TDM), and UV—vis spectral analysis were
calculated by TD—DFT at the same level. Further, with the help
of HOMO and LUMO energies, global reactivity parameters
(GRPs) were determined to understand the reactivity of the
entitled chromophores. Moreover, GaussView 5.0 package,*’
Avogadro,”” and Chemcraft’' were used to interpret the results
frczlzn output files. The dipole moment was calculated using eq
3:7

W= (g + g+ )2 (3)
The polarizability (@) and first hyperpolarizability (f) were
calculated using eqs 4 and 5, respectively. We obtained six linear
polarizability tensors (@, + a,, + @, + a,, + @,, + @,,) and ten
hyperp olarizability tensors (ﬁxxx) ﬁxyy} ﬁxzz} [} oy ﬂxxy) ﬁyzz) ﬂzzz)
P Py ﬂxyz) from Gaussian output files along the x, y, and z
coordinates.

(@) = 1/3(a, + ay, + a,,) (4)
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'Btotal = [(ﬁxxx + ﬁxyy + ‘[):czz)z + (ﬂyyy + [);/zz + ﬂyxx)z

1/2
+ (ﬂzzz + ﬂzxx + ‘Bxyz)] (5)
The second hyperpolarizability was calculated using eq 6.

}/tot = /}/xz + Vyz + }/Zz (6)
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