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Abstract
The current research was aimed to examine the NLO properties of novel benzodithiophene-based donor–acceptor (D-A)-type
compounds (BDTD1–BDTD8) via structural modulation of reference compound (BDTR). Optimization of the reference
compound (BDTR) along with eight derivatives was accomplished at M06/6-311G(d,p) level. Subsequently, the optimized
geometries were further employed to execute additional analyses: UV–Vis absorption, natural population analysis (NPA),
NLO, frontiermolecular orbitals (FMOs) and natural bond orbital (NBO) properties at the above-mentioned functional. All the
tailored compounds (BDTD1–BDTD8) were reported with less energy difference in comparison with BDTR. The descending
order of compounds accordant to Egap values was found to be as BDTR > BDTD1 > BDTD8 > BDTD4 > BDTD2 > BDTD5
> BDTD7 > BDTD6 > BDTD3. Furthermore, assisted by FMOs analysis, density of states (DOS) computations demonstrated
significant charge mobility from HOMO towards LUMO in the derivatives. Global reactivity descriptors correspond toEgap

values, BDTD3 with least energy difference accompanied with less hardness (1.028 eV ) and highest softness (0.486 eV )
among all the derivatives. BDTD3 exhibited the highest value of λmax (717.211 nm) in all the designed compounds relative
to BDTR (576.161 nm). For all fabricated chromophores, the β tot values are presented in the decreasing order: BDTD3 >
BDTD7 > BDTD6 > BDTD5 > BDTD2 > BDTD4 > BDTD1 > BDTD8 > BDTR. Interestingly, the highest values as 2.324
× 10–27 and 4.302 × 10–32 esu of β tot and γ tot, respectively, were indicated by BDTD3 compound. Valuable NLO findings
explored that our derivatives might be significant candidates for nonlinear optics.
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1 Introduction

Nowadays, NLO materials are considered to be one of the
most proficient materials due to their fascinating character-
istics, i.e., data transformation [1], fibre optics [2], photonic
laser [3], data retrieval in wireless communication sector [4]
and electro-optics [3, 5]. These materials are very useful for
optical computation [6], telecommunications [1], optoelec-
tronics [7], laser technology [8] and photonic devices [9].
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The majority of NLO materials exhibit a direct correlation
among optical characteristics and the intensity of incident
light [10]. On both experimental and theoretical grounds,
the developments of NLO species have become a region
of advance research [11]. Enormous efforts have resulted in
designing diverse materials comprising synthetic and natural
nano-materials, polymer systems, molecular dyes, organic
and inorganic semiconductors [9, 10] that exhibit effective
NLO responses. A comparison of inorganic and organic non-
linear compounds demonstrates that organic chromophores
offer numerous advantages then inorganic systems, including
a faster response time, greater molecular flexibility, supe-
rior processing capability and a higher nonlinear polarization
rate [11, 12].Moreover, organic-based substances havemany
benefits such as easy fabrication, low cost, tunable absorp-
tionwavelengths and structuralmodulation using appropriate
substituents [13, 14].

In the π -bonded system of organic dyes, the elec-
tronic charge distribution is delocalized and the second-
order NLO outcomes have been attributed to intramolecular
charge transfer (ICT), which occurs viaπ -spacers from
donor towards acceptor [18]. Some effective approaches for
organic-based NLO chromophores are: extensive π -electron
schemes, planar (D-π -A) model, greater push–pull effects
and integration of alkali metal into the organic compounds
[19]. According to the literature survey, D and A molecules
are liable for contributing fundamental ground-state charge
asymmetry, while π -conjugated moieties provide a path for
the transference and rearrangement of charges in an electric
field [17, 18].Alongwith a variety ofπ -conjugated scaffolds,
fullerene-based chromophores indicate a rationally great
NLO outcome [22] and considered as good candidates in the
NLO field [23]. Fullerenes show an appropriate NLO char-
acteristics due to π -conjugation, charge delocalization [24],
significant characteristics and accomplishment in the area of
organic photo-electronics [25]. Despite their enormous suc-
cess, fullerene-based acceptor moieties have been replaced
with non-fullerene organic acceptor moieties, and this con-
cept has reinforced the field of optoelectronics in the recent
years [26]. In contrast to fullerene acceptors, non-fullerene
acceptors emerged as a new research area due to their tunable
energy levels as well as planar structure. In addition, non-
fullerene acceptors (NFAs) have revealed significant stability
as compared to fullerene acceptor moieties [27]. At present,
the centre of attention of experimenters is transferred towards
non-fullerene compounds owing to their efficient adaptation
to broad electron affinities, chemical structures, facile syn-
thesis and tunable energy levels [28]. Review of existing
research reveals that the synthesis of NLO compounds based
on NFAs is emerged as an innovation in materials sciences
[25, 26]. The extent of π -conjugation as well as substituent’s
nature significantly manipulates the molecular NLO proper-
ties. ICT is accomplished by utilizing π -bridges among the

donor and acceptor moieties, resulting in remarkable NLO
responses [31]. Furthermore, the enlarged π -conformation
with enormous absorption constraints of non-fullerene-based
compounds has been improved by the association of electron-
deficient terminal groups in the framework of the fullerene-
free acceptors [28, 29]. The strong electron-withdrawing
functional groups have been utilized to design fused-ring
electron acceptors with a strong photovoltaic effect because
of their enhanced electron-capturing capability [34]. More-
over, to design interesting NLO materials, a significant
push–pull mechanism, higher asymmetric charge scatter-
ing, conjugation length and nature of electron-donating and
electron-withdrawing groups are also important [3].

On account of these remarkable characteristics of π -
conjugated non-fullerene chromophores, we have chosen
NF-based chromophores in this research to discover their
nonlinear optical outcomes from a hypothetical approach.
To our understanding, NLO investigation on entitled chro-
mophores (BDTD1–BDTD8) has not been reported so far.
Hence in order to fulfil this research gap, density functional
theory/ time-dependent density functional theory (DFT/TD-
DFT)-based calculations have been carried out to discover
NLO characteristics. Taking into account the significant
characteristics of non-fullerene compounds, the synthesized
compound (BDTX1) [35] has been selected as a parent com-
pound. NF-based derivatives BDTD1–BDTD8 have been
designed from modified reference compound (BDTR) via
coupling of different strong electron-withdrawing accep-
tors, which comprise a phenyl ring fused with 1-one-3-
dicyanovinylidenyl cyclopentane unit substituted with halo-
gens on the phenyl ring or replacing phenyl ring by thiophene
unit to fine-tune the electronic characteristics of NLOmateri-
als. This researchworkwill proved to be an excellent addition
in the development of NLO features as these novel NFA-
based compounds might create an impactful NLO response
in the future applications.

2 Computational Procedure

The quantum chemical calculations of non-fullerene
benzodithiophene-based chromophore denoted asBDTRand
its derivatives (BDTD1–BDTD8) having D–A configuration
were investigated by employing the Gaussian 09 program
[36]. For this purpose,M06 functional [37] with 6-311G(d,p)
basis set [3, 35] of DFT/TD-DFT approaches was used.
FMOs, TDMs, DOS, GRPs, absorption spectrum and hole-
electron analyses were accomplished at fore-said functional
via TD-DFT approach. NLO and NBO study was performed
atM06/6-311G(d,p) functional of DFT. First of all, the struc-
tures were optimized to get true minima structures. The
optimized geometries were then further employed to cal-
culate the FMOs (energy difference between HOMO and
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LUMO), UV–Vis, transition density matrix (TDMs), DOS,
NBOs and NLO insights at the aforementioned functional.
The TDMs heat maps were developed to investigate charge
dissociation patterns in the entitled molecules. The NBOs
study was executed to evaluate the hyper-conjugative inter-
actions as well as intramolecular charge transfer. The DOS
computations were employed to regulate the energy states
dispersion. UV–Vis absorption spectra were acquired to
explore transitions of electrons. The values of the dipole
moment (μ) [40], linear polarizability 〈α〉 [41], first-order
hyperpolarizability (β tot) [42] and second-order hyperpolar-
izability (γ tot) [43] are estimated by Eqs. (1–4).

μ =
(
μ2
x + μ2

y + μ2
z

)1/2
(1)

〈α〉 = 〈
axx + ayy + azz

〉
/3 (2)

βtot =
(
β2
x + β2

y + β2
z

)2
(3)

〈γ 〉 = 1/5
[
γxxxx + γyyyy + γzzzz + 2

(
γxxxx + γyyyy + γzzzz

)]
(4)

where βx = βxxx+βxyy+βxzz, βy = βyxx+βyyy+βyzzandβz =
βzxx+βzyy+βzzz.

Different softwares like GuassView 6.0 program [44],
Avogadro [45], Chemcraft [46], PyMOlyze 2.0 [47] andMul-
tiwfn 3.7 [48] were employed to obtain results from the input
files.

3 Results and Discussion

The current research is centred on quantumchemical analysis
of non-fullerene-based NLO chromophores. The designed
D-A natured molecules having donor and acceptor frag-
ments showa strongpush–pullmechanismwith highpolarity,
improving their NLO characteristics. The architecture of par-
ent compound (BDTX1) [35] is appeared to be A-D-A, and
it is modified by altering long chain groups (C8H17,C6H13

and 3-methylhept-1-ene) with methyl (CH3) group to lower
the computational cost and steric hindrance as replacement
of bulky group with small groups does not show signifi-
cant effect in NLO properties [49–51]. Consequently, the
parent compound with A-D-A architecture is renamed from
“BDTX1” to “BDTR” named as reference compound with
D-A configuration, as illustrated in Fig. 1.

A framework of compounds, namely BDTD1–BDTD8,
was modified by substituting the weak electron-
withdrawing group in the non-fullerene-based reference
compound (BDTR), as illustrated in Figure S2. In

BDTD1, 9-(4-(5”-(4,8-bis(4,5-dimethylthiophen-2-yl)-6-
(3,4’,5”-trimethyl-[2,2’:5’,2”-terthiophen]-5-yl)benzo[1,2-
b:4,5-b’]dithiophen-2-yl)-3’,3”-dimethyl-[2,2’:5’,2”-
terthiophen]-5-yl)phenyl)-9H-carbazole was utilized as
donor, while 4-methoxy-2-methylene-3-oxobutanenitrile
was utilized as acceptor. The acceptor part attached at
one side of BDTD1 is substituted by adding up the new
donor 9-phenyl-9H-carbazole. In the remaining designed
compounds (BDTD2–BDTD8), the electron donor group
was maintained, but the acceptor is altered with different
well-known acceptor groups, demonstrated in Scheme 1.
The enlisted acceptors with their IUPAC names and abbre-
viations are displayed in Figure S1; however, the IUPAC
names of the entitled compounds are listed in Table S39
and data for Cartesian coordinates are presented in Tables
S1–S9. The impact of a variety of acceptor units on absorp-
tion spectra, HOMO/LUMO energy gap, ICT, 〈α〉, β tot and
γ tot was examined. In the current research, we have used the
parent molecule (E)-octyl 2-cyano-3-(5′′-(6-(5′′-(2-cyano-
4-(octyloxy)-3-oxobut-1-en-1-yl)-4’-hexyl-3-methyl-
[2,2’;5’,2′′-terthiophene]-5-yl)-4,8-bis(4-hexyl-5-(2-
vinylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b]dithiophen-2-
yl)-3’-3′′dihexyl-[2,2’:5’,2′′-terthiophen]-5-yl) propanoate
(BDTX1) [35] with an A-D-A configuration. This research
might be an excellent accumulation in the field of NLO and
also prompt the advance investigation in this area. The opti-
mized tailored structures are shown in Figure S3, while the
graphs of optimization frequency and tables of vibrational
analysis of the compounds (BDTR) and (BDTD1–BDTD8)
are illustrated in Figure S4 and Tables S10–S18, respectively.

3.1 Electronic Properties

The investigation of frontier molecular orbitals (FMOs) is
extremely considerable to comprehend electronic and optical
properties of species as well as to examine its chemical sta-
bility [52–54]. In FMOs exploration, frequently elaborated
two significant molecular orbitals are HOMO and LUMO.
Transition of electron out of HOMO towards LUMO is dis-
tinguished by the band gap (�E). The variables such as
electrophilicity, hardness, softness, electronegativity, stabil-
ity and reactivity are similarly regulated by �E [55, 56].
In addition, they can also calculate the mainly reactive part
in π -conjugated structures and reveal the reaction types in
resonating structures. The value of �E among HOMO and
LUMO shows the charge-transmission capability of a com-
pound. A small energy gap intimates a proficient charge
transfer, increasing the NLO activity of chromophore. The
energy gap outcomes for the examined chromophores are
tabulated in Table 1. Energy difference and orbitals of
HOMO-1/LUMO + 1 and HOMO-2/LUMO + 2 of the
examined chromophores (BDTR–BDTD8) are illustrated in
Figure S5 and Table S19.
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Fig. 1 Modification of parent
compound (BDTX1) to reference
compound (BDTR)

Scheme 1 The representation of the reference and the designed derivatives with different acceptors
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Table 1 EHOMO, ELUMO and energy gap (�E) of investigated com-
pounds in eV

Compounds EHOMO ELUMO �E

BDTR − 5.515 − 2.921 2.594

BDTD1 − 5.422 − 2.886 2.536

BDTD2 − 5.420 − 3.227 2.193

BDTD3 − 5.444 − 3.387 2.057

BDTD4 − 5.444 − 3.247 2.197

BDTD5 − 5.438 − 3.288 2.150

BDTD6 − 5.431 − 3.356 2.075

BDTD7 − 5.443 − 3.353 2.090

BDTD8 − 5.405 − 3.196 2.209

From the data presented in Table 1, the theoretical value
of ΔE possessed by BDTR is 2.594 eV comparable to the
experimental ΔE of 1.65 eV. The design of the studied com-
pounds includes donors and end-capped acceptors, which
contributes to decrease in ΔE values in these compounds.
Thismight be a consequence ofmodifying theA-D-A config-
uration into D-A, hence promoting proficient internal charge
transfer, which reduces the energy band gap [57]. The ΔE
value for BDTD1 decreases to 2.536 eV comparing with that
of BDTR (2.594 eV) owing to strong push–pull configuration
in combination with the enhanced resonance upon substitut-
ing one terminal acceptor with 9-phenyl-9H-carbazole [58]
as donor and 4-methoxy-2-methylene-3-oxobutanenitrile
as an acceptor unit. Moreover, the BDTD2 has lessen
energy gap of 2.193 eV than BDTD1 because of the sub-
stitution of 4-methoxy-2-methylene-3-oxobutanenitrile
with the 2-(6,7-dichloro-3-oxo-2,3-dihydro-1H-
benzo[b]cyclopenta[d]thiophen-1-ylidene) malononitrile
acceptor with two electron-withdrawing chloro (− Cl)
groups. Correspondingly, the band gap of BDTD3
decreases to 2.057 eV because of the substitu-
tion of the − Cl with two nitro (− NO2) groups
in 2-(2-methylene-6,7-dinitro-3-oxo-2,3-dihydro-1H-
benzo[b]cyclopenta[d]thiophen-1-ylidene)malononitrile
enhance the acceptor electron-accepting capability, forming
an efficient pull–push structure. The value of ΔE in BDTD4
slightly increases to 2.197 eVowing to the substitution of two
acetate (− COOCH3) groups in the acceptor part dimethyl1-
(dicyanomethylene)-2-methylene-3-oxo-2,3-dihydro-1H-
benzo[b]cyclopenta[d]thiophene-6,7-dicarboxylate. A
minor decrease in ΔE (2.150 eV) is observed when
the 2-(2-methylene-3-oxo-6,7-bis(trifluoromethyl)-2,3-
dihydro-1H-benzo[b]cyclopenta[d]thiophen-1-ylidene)
malononitrile acceptor moiety is introduced into BDTD5,
where − COOCH3 groups are changed with − CF3 units, as
− CF3 possess high electron-withdrawing effect and elec-
tronegativity as compared to − COOCH3. The introduction

of the 1-(dicyanomethylene)-3-oxo-2,3-dihydro-1H-
benzo[b]cyclopenta[d]thiophene-6,7-dicarbonitrile acceptor
group in BDTD6 further decreases the energy band
gap (2.075 eV), as –CF3 is substituted by cyano (−
CN) units. This might be due to high electroneg-
ativity of − CN units in comparison with –CF3
group; hence, the enriched electron-withdrawing
performance of 1-(dicyanomethylene)-3-oxo-2,3-dihydro-
1H-benzo[b]cyclopenta[d]thiophene-6,7-dicarbonitrile
results in improved push–pull conformation. Conse-
quently, the large electronegativity of molecules has
enhanced the transference of the electronic cloud towards
acceptor owing to negative inductive effect. A small
increase in ΔE (2.090 eV) value of BDTD7 con-
trasted to BDTD6 is because of acceptor moiety i.e.
1-(dicyanomethylene)-2-methylene-3-oxo-2,3-dihydro-
1H-benzo[b]cyclopenta[d]thiophene-6,7-disulfonic acid,
inBDTD7. A small increase in HOMO–LUMO energy gap
(2.209 eV) in BDTD8 is due to 2-(6-methylene-7-oxo-6,7-
dihydro-5H-cyclopenta[b]thieno[2,3-d]thiophen-5-ylidene)
malononitrile used as an acceptor unit. This may be due to
its diverse chemical structure, lower conjugation and least
proficient push–pull configuration owing to the absence of
electronegative units in comparison with other derivatives
[59]. The existence of two nitro groups in BDTD3 reduces
the ΔE value to 2.057 eV. The nitro groups linked with the
acceptor region has a strong electron-accepting properties
besides its electron-withdrawing potential is a result of a
powerful negative inductive effect [60]. The perceived least
ΔE value of BDTD3 between all the designed molecules is a
result of the extensive conjugation occupied in the acceptor
part containing nitro groups.

In a nutshell, the energy difference among HOMOs and
LUMOs of the entitled chromophores reduces in the sub-
sequent pattern: BDTR > BDTD1 > BDTD8 > BDTD4 >
BDTD2 > BDTD5 > BDTD7 > BDTD6 > BDTD3. This
sequence reveals that structural modulation by introducing a
variety of electronegative functional groups at the acceptor
region is an outstanding strategy to decrease ΔE and conse-
quently improve theNLOoutcomes. TheΔE values describe
the effective ICT fromdonor to acceptor part and are favoured
byπ -linker that provides an insight about the correlated func-
tional links of the NLO structures [54, 55]. The HOMOs
and LUMOs of FMOs are employed to describe the elec-
tronic charge transfer, as indicated in Fig. 2. In BDTR, the
HOMO charge density is generally located over the donors,
though theLUMOis generally present on acceptor part. In the
designed chromophores (BDTD1–BDTD8), the HOMO’s
electronic cloud is mostly established across the donor. Con-
versely, overall electron density is located on the acceptor
part. Literature describes that an indirect band gap can be
considered, whenever the HOMO and LUMO contain topo-
logically similar phase relationships in the interaction zones.
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HOMO LUMO

BDTR

BDTD1

BDTD2

BDTD3

BDTD4

Fig. 2 HOMOs and LUMOs of the BDTR and BDTD1–BDTD8
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BDTD5

BDTD6

BDTD7

BDTD8

Fig. 2 continued

Otherwise, the molecules can be considered with direct band
gaps [63]. Moreover, our results indicate that the HOMO and
the LUMOhave not topologically similar phase relationships
in the interaction regions (Fig. 2). Therefore, direct band gap
is found in the entitled organic molecules.

This implicit that moieties which are electron-donating
connect to electron-withdrawing groups by the assis-
tance of π -linkers that promote charges transmission
among the acceptor and donor molecules. Consequently,
BDTD1–BDTD8 might appear to be effective NLO appli-
cants.
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3.2 Global Reactivity Parameters (GRPs)

To study global reactivity descriptors like electronegativity
(X) [64], ionization potential (IP) [65], electron affinity (EA)
[66], global softness (σ ) [67], hardness (η) [68], chemical
potential (μ) [69], and electrophilicity index (ω) [70], the
energy values of designed compounds are estimated using
the DFT approach conducive to investigate the reactivity
as well as stability. Compounds with lower softness and
hardness values are typically thought to produce excellent
NLO outcomes. The studied compounds may offer fine NLO
response because of their proficient global softness values
[71]. The investigated compounds possess appropriate IP,
EA, μ, andσ values, which is crucial indicator of efficient
NLO response, obtained from the analysis of GRPs [72].
All of these aforesaid factors are computed via employing
Koopmans’s theorem [73] (Eqs. 5–11), and the results are
composed and presented in Table S20.

I P = −EHOMO (5)

E A = −ELUMO (6)

X = [I P + E A]

2
(7)

η = [I P − E A]

2
(8)

μ = EHOMO + ELUMO

2
(9)

σ = 1

2η
(10)

ω = μ2

2η
(11)

The IP values (5.422–5.405 eV) of the designed com-
pounds (BDTD1–BDTD8) are less than their reference
chromophore (5.515 eV), which indicates prompt electron
removal and less energy of polarization than BDTR.

The highest values of IP are exhibited by BDTD3
and BDTD4 at 5.444 eV, demonstrating improved elec-
tron donation capacity by the donor moiety towards the
electron-withdrawing group. Whereas, BDTD8 exhibits the
smallest value of IP (5.405 eV). Overall, it is discovered
that IP increases in the following order: BDTD8 < BDTD2
< BDTD1 < BDTD6 < BDTD5 < BDTD7 < BDTD3 =
BDTD4. More stability and chemical inertness are indi-
cated by higher IP values. Similarly, the presence of strong
acceptor moieties causes derivatives except BDTD1 to have
higher EA values than BDTR, taking advantage of their
higher tendency to receive electrons. Additionally, to rec-
ognize the compound’s stability chemical potential (μ) is

considered, it is discovered that the μ of BDTD2–BDTD8
are substantially less (− 4.301 to − 4.416 eV) with greater
softness (σ ) values (0.486–0.453 eV) and that the softness of
BDTD1 (0.394 eV) is somewhat higher than those of BDTR
(0.386 eV). The NLO characteristics of such chromophores
are improved by expressing the stronger chemical reactivity
with greater polarizability. The amount of �Nmax = − μ

/ ï represent the tendency of molecule for absorbing more
electrical charge from its surroundings [72]. High and posi-
tive ω and �Nmax values indicate that the material is more
likely to absorb an electron. On the other hand, if a compound
has a low amount of these indices, it can act as an electron-
donating group [74]. The charge transfer parameter (�Nmax)
and electrophilicity index (ω) for all the chromophores are
in the range 3.252–4.291 eV and 6.804–9.478 eV, respec-
tively. The high�Nmax value of BDTD3 (4.291 eV) suggests
that this compound has higher electron-absorbing tendency.
Moreover, the hardness of a compound is openly linked with
the ΔE, and a reverse interaction of ΔE is examined with
the reactivity and global softness of the investigated chro-
mophores. While a lower ΔE suggests a less stable, softer
and highly reactive compound, a higher ΔE value indicates
a more stable, harder and less reactive system. The maxi-
mum hardness is examined in reference chromophore BDTR
(1.297 eV), which shows least reactivity and greater stabil-
ity, while the minimum hardness is examined at 1.029 eV
for BDTD3. The descending order of hardness in the tai-
lored molecules is: BDTR > BDTD1 > BDTD8 > BDTD4 >
BDTD2>BDTD5>BDTD7>BDTD6>BDTD3. The high-
estσ is considered to be 0.486 eV inBDTD3,which indicates
its less stability and larger reactivity aspect, whereas the least
value of 0.386 eV is examined inBDTR. The ascending order
for σ is as follows: BDTR < BDTD1 < BDTD8 < BDTD4 =
BDTD2 < BDTD5 < BDTD7 < BDTD6 < BDTD3. Conse-
quently, all the investigated compounds have revealed large
softness, which specifies more reactivity as well as polariz-
ability resulting in exceptional NLO outcomes.

3.3 Density of States (DOS) Analysis

Density of states investigation is performed to further val-
idate the inferences of FMOs charge distribution [75]. For
the designed molecules, DOS investigation is performed at
M06/6-311G(d,p) level of theory, and the results are repre-
sented in the form of graphs. In the designed chromophores,
maximum charge density in the form ofHOMO is distributed
at donor with negative values of energy, while LUMO is dis-
tributed mostly at acceptor with positive values of energy
[76]. Electronic charge distribution on both segments, i.e.
donor and acceptor, as well as number of electronic states
at specific energy are illustrated in graphs [77]. In DOS
graph, energy in eV is plotted along x-axis and relative inten-
sity along y-axis. In DOS pictographs, donor and acceptor
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BDTR BDTD1

BDTD2 BDTD3

BDTD4 BDTD5

Fig. 3 Graphical representation of DOS for BDTR and BDTD1–BDTD8
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BDTD6 BDTD7

BDTD8

Fig. 3 continued

are denoted by red and green coloured lines, accordingly.
The peaks of graph vary from reference to designed com-
pounds due to different strengths of donor and acceptor
moieties and length of conjugation [78]. In the reference
(BDTR) and designed compounds (BDTD1–BDTD8), donor
displays electronic charge distribution as 96.7, 98.7, 99.1,
99.0, 99.3,99.0, 99.1, 99.0 and 99.2% to HOMO, which is
relatively higher than that of LUMO at 62.4, 60.1, 27.2,
28.2, 26.6, 28.7, 28.2, 28.9 and 28.2%, respectively. This
charge is significantly moves towards LUMO as we exam-
ined the charge distribution on acceptor part in BDTR and
BDTD1–BDTD8; 3.3, 1.3, 0.9, 1.0, 0.7, 1.0, 0.9, 1.0 and
0.8% to HOMO, while 37.6, 39.9, 72.8, 71.8, 73.4, 71.3,
71.8, 71.1 and 71.8% to LUMO, respectively. This analysis
significantly supported the FMOs counter surfaces charge
distribution pattern (Fig. 2). In the pictographs of DOS anal-
ysis, the left side peaks charged values characterized by
HOMOs, while right side charged values represents LUMOs
beside the x-axis, with distance among them corresponds to
the energy gap [79]. Figure 3 illustrates that for HOMO the

charge is highly occupied on donor, whereas the LUMO rel-
ative density is much strong in acceptor. The comprehensive
contribution pattern demonstrates that considerable charge
transmission occurred out of donor towards acceptor. So this
substantial charge distribution indicated the efficient NLO
results from these fabricated chromophores.

3.4 UV–Vis Analysis

UV–Vis analysis gives further information regarding absorp-
tion spectra, oscillator frequency, transition energy and
electronic states [80]. TD-DFT study was performed in chlo-
roform and in gaseous phase via above-mentioned TD-DFT
approach to analyse the electronic transitions of the refer-
ence (BDTR) and designed compounds (BDTD1–BDTD8).
Significant results obtained in the form of excitation energy,
oscillator strength (f os) and maximum absorbed wave-
length (λmax) in solvent (chloroform) and gaseous phase
are depicted in Tables S21 and S22 (Fig. 4). Maximum
absorption values of wavelength are found in the chloroform
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Fig. 4 Absorption spectra of BDTR and BDTD1–BDTD8 in (a) chloroform solvent and b gaseous phase

solvent as protic solvents are predicted to increase the tran-
sitional characteristics of chromophores by increasing their
bathochromic shifts and stabilizing the π -π* and n-π* tran-
sitions [81]. Hydrogen bonding and dipole interactions also
take part in stabilizing the first singlet electron level in chro-
mophores [82]. In gaseous and chloroform phase, absorption
spectra of all the formulated compounds are located in visible
region [83].

The λmax in chloroform solvent existed in 592.942 to
717.211nm range for studied chromophores.Reference com-
pound (BDTR) shows the absorption spectra at 594.991 nm,
while according to the experimental results the reference
compound exhibits a maximum absorption peak at 530 nm,
showing that strong intermolecular interaction is present in
the solid film.By introducing various acceptormoieties in the
designed compounds (BDTD2-BDTD8), λmax is observed at
the different wavelengths. BDTD3 shows bathochromic shift
in the absorption spectrum (717.211 nm) at excitation energy
(1.729 eV) and oscillation strength of 0.880. BDTD3 has
the maximum wavelength with minimum excitation energy
than all the formulated derivatives owing to the presence of
strong EWD groups, CN and NO2 in the acceptor moiety.
Bathochromic shift is observed in BDTD3 due to excellent
transfer of charges from D to A, less energy band gap is
observed, and hence minimum energy is required for exci-
tation from HOMO towards LUMO in chloroform. BDTD1
is the molecule with the lowest absorption wavelength of
592.942 nm, highest excitation energy of 2.091 eV in chloro-
form. The investigated compounds hold stronger absorption
range as compared to the reference BDTR (594.991 nm)
except BDTD1. The λmax of all the studied entities decreases
as follows:BDTD3>BDTD6>BDTD7>BDTD5>BDTD2
> BDTD8 > BDTD4 > BDTR > BDTD1.

In gaseous phase, the range of wavelengths extends from
573.895 to 748.426 nm. Minimum λmax is observed in

BDTD1 at 573.895 nm because of the presence of less
electronegative-COOCH3 group resulting in less electron-
withdrawing, reduced charge transfer and maximum energy
required for excitation. Likewise, in chloroform, BDTD3
also secured the longest wavelength range of 748.426 nm
in gaseous phase. Decreasing order of λmax in gaseous phase
is observed in the order: BDTD3 > BDTD6 > BDTD7 >
BDTD5 > BDTD2 > BDTD4 > BDTD8 > BDTR > BDTD1.
All the developed chromophores exclusively BDTD3 hold
lower excitation energy and is observed as an outstanding
NLO compound with efficient charge transfer and broader
absorption spectra.

3.5 Natural Bond Orbital (NBO) Analysis

NBO analysis illustrates the distribution, bonding, nature
of intramolecular and intermolecular interactions among the
associated systems [84]. The presence of non-covalent inter-
actions, which cause shifting of electron density, binding and
hyper-conjugation between the D and Amoieties of the anal-
ysed systems, has been extensively investigated using NBOs
analysis in recent years [85]. The NBOs investigation shows
beneficial charge transfer values for each of the donor moi-
eties, displaying the high donation capability of our designed
compounds [85]. Meanwhile, the positive values of donors
represent their ability to donate electrons, and all the accep-
tors have negative charge values, showing that all the entitled
molecules are effective electron acceptors. Additionally, it
is implied by the charge descriptions in terthiophenes that
they may act as donor and help in effective electron donation
towards acceptor [86]. The donor and acceptors are reported
in the reference compound (BDTR) with values of − 0.569
and − 0.569, respectively, as indicated in Table S23. In the
designed compounds (BDTD1–BDTD8), acceptor is substi-
tuted with a donor, which enhances their ability to donate
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protons with positive NBO charges. In case of donors, all
compounds have positive values due to their electron donat-
ing ability. In tailored compounds, acceptor shows negatively
charged values due to their electron-withdrawing character-
istics. The second-order perturbation theory can be utilized
to calculate the stabilization energy of molecules while per-
forming NBOs analysis by using the succeeding equation:

E (2) = qi

(
Fi , j

)2
ε j − εi

(12)

The donor and acceptor parts are denoted by i, j subscripts,
E(2) is the stabilization energy, qi, 2i, 2jand Fi,j characterize
donor orbital occupation, diagonal and off-diagonal NBOs
Fock matrix components [50], respectively.

For BDTR and BDTD1–BDTD8, the E(2) of various
orbitals have been examined and are shown in Tables
S24–S32. There are primarily six transitions types present
in the formulated chromophores as; π → π*, σ → σ*, π →
σ*, σ → π*, LP → π* and LP → σ*. The most prominent
transitions that are detected in BDTR and BDTD1–BDTD8
are; π → π*, σ → σ*, LP → π* and LP → σ*. The
least dominant transition is of σ → σ*, which is due to
the excitation of electrons occupying a HOMO of a sigma
bond towards LUMO of that bond. The highest dominant
transition that is observed in the investigated compounds
is π → π*, which provide the massive value of stabiliza-
tion energies. In BDTR and BDTD1–BDTD8, the highest
values of stabilization energy obtained throughπ → π* tran-
sitions are found to be 29.67, 28.76, 24.97, 25.01, 23.96,
24.12, 24.7, 24.42, 24.4 kcal mol−1 for π(C61-C63) →
π*(C97-C100), π(C61-C63) → π *(C97-C100), π(C137-
C138) → π*(C139-C140), π(C61-C63) → π*(C97-C132),
π(C99-C101)→ π*(C104-C106),π(C61-C63)→ π*(C97-
C132), π(C61-C63) → π*(C97-C132), π(C120-C122) →
π*(C124-C126), π(C110-C111) → π*(C113-C116) tran-
sitions, respectively. On the other hand, the lowest values
for this transition are 2.32, 6.02, 5.45, 4.76, 4.2, 7.99, 4.66,
8.07, and 5.17 kcal mol−1 exhibited by π(C99-O101) →
π* (C97—C100), π(C21-C22) → π*(C1-C2), π(C1-C2)
→ π*(C21-C22), π(C5-C6) → π*(C15-C16), π(C131-
O143) → π*(C130-C134), π(C133-C144) → π*(C97-
C132), π(C15-C16) → π*(C5-C6), π(C133-C144) →
π*(C97-C132), and π(C4-C5) → π*(C15-C16), respec-
tively. σ → σ*, are the least dominant due to weak
interactions, and among these transitions, the highest stabi-
lization energy is provided by σ(C97-H98) → σ*(S60-C63),
σ(C97-H98) → σ*(S60-C63), σ(C97-H98) → σ*(C132-
C133), σ(C97-H98) → σ*(C132-C133), σ(C97-H98) →
σ*(C132-C133), σ(C97-H98) → σ*(C132-C133), σ(C97-
H98) → σ*(C132-C133), σ(C97-H98) → σ*(C132-C133)
and σ(C97-H98) → σ*(C132-C133) which is 9.05, 8.94,

9.43, 9.17, 9.37, 9.34, 9.27, 9.23 and 9.39 kcalmol−1, respec-
tively. The lowest values of stabilization for σ → σ* are
0.5, 0.5, 0.5, 0.5, 0.51, 0.5, 0.5, 0.5, 0.5 kcal mol−1 pre-
sented by σ(C92-H95) → σ*(C70—C92), σ (C4-S12) →
σ*(C3-C9), σ (C1-S13) → σ*(C6-C7), σ(C136-S142) →
σ*(C135-H141), σ (C160-H163) → σ*(C153-O155), σ(C1-
S13) → σ*(C6-C7), σ(C1-S13) → σ*(C6-C7), σ(S153-
O155) → σ*(C135-C140) and σ(C1-S13) → σ*(C6-C7),
respectively. In BDTR and BDTD1–BDTD8, the higher
stabilization energy values are important. These high-
est values of stabilization for LP → π* transitions are
28.85, 35.34, 35.4, 160.82, 48.56, 35.36, 35.38, 40.22,
and 40.27 kcal mol−1, shown by LP2(O119) → π*(C99-
O101), LP1(N114)→ π* (C115—C117), LP1(N109)→ π*
(C110-C112), LP3(O151) → π* (N150-O152), LP2(O155)
→ π* (C153-O154), LP1(N109) → π*(C110-C112),
LP1(N109) → π*(C110-C112), LP1(N109) → π*(C110-
C111) and LP1(N109) → π*(C110-C111), respectively.
Similarly, for LP → σ* the highest values of stabiliza-
tion energy for LP2(O101) → σ*(C99-O119), LP2(O101)
→ σ*(C99—C100), LP2(O143) → σ*(C131-C132),
LP2(O143) → σ*(C131-C132), LP2(O151) → σ*(C150-
O152), LP1(N146) → σ*(C144-C145), LP2(O143) →
σ*(C130-C131), LP3(O151) → σ* (S150-O157) and
LP2(O141) → σ*(C131-C132) are 32.53, 21.72, 22.42,
33.73, 12.84, 22.83, 28.21 and 22.68 kcal mol−1. The
outcomes illustrate that the π -electron bonding of carbon-to-
carbon delocalized towards anti-bonding orbitals performs
a considerable part in the ring strength. Furthermore, it
improves the ICT characteristics that are crucial for the NLO
response.TheNBOanalysis proved that all compoundsunder
study (BDTR and BDTD1–BDTD8) exhibit substantial
intramolecular charge transfer and extended hyperconjuga-
tion. The compounds are significantly stabilized according
to NBO results. Data from NBO also clearly demonstrate
charge transfer in compounds supporting possible NLO
research.

3.6 Transition Density Matrix (TDMs)

The TDM study of fullerene-free acceptor-based three-
dimensional molecules has been done to know nature and
mode of excited state transition [87]. The extensive interac-
tions and electron excitation among the donor and acceptor
moieties and the hole–electron delocalization can be con-
cluded by TDM calculations [88]. A TDMs exploration
of non-fullerene-based chromophores (BDTD1–BDTD8)
shows that the charge is effectively transferred from D
towards A side. According to FMOs and DOS analyses,
the charge density in HOMOs is primarily located on the
donor part; however in LUMOs, it is primarily distributed
over the acceptor, which results in a considerable variation
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BDTR BDTD1

BDTD2 BDTD3

BDTD4 BDTD5

Fig. 5 TDMs pictographs of the entitled molecules (BDTR and BDTD1–BDTD8)
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BDTD6 BDTD7

BDTD8

Fig. 5 continued

in TDM pictographs. The electron density has been success-
fully transferred diagonally out of the donor to the acceptor
part in all the formulated compounds, as shown by Fig. 5,
enabling efficient charge transmission devoid of trapping.
Charge localization from ground to excited state in TDMs
investigation is characterized by pictograph containing band
of colours. TDMs of studied chromophores are calculated
at M06/6-311G(d,p) functional and basis set. The H-atoms
have been omitted owing to their small contribution in valu-
able electron transfer phenomenon. The TDMpictographs of
all the investigated chromophores reveal the mode of transi-
tions, and the results are exhibited in Fig. 5.

The TDMs diagram shows that in BDTR, charge is trans-
ferred transversely, which is found majorly on the π -spacer
and donor parts. In the investigated compounds, slight charge
consistency is observed on the donor and the major part on

theA group. A significant diagonal charge transfer is attained
in modified structures BDTD1–BDTD8. The donor (terthio-
phene) works as a connection and facilitates themovement of
electrons from the D towards the NFAs. The diagonal charge
is proficiently relocated from the D to A area, which trans-
fers the charge without trapping showing charge coherence.
It is also investigated that the coupling of electrons in all the
modified chromophores (BDTD1–BDTD8) may be inferior
to that of BDTR. However, this might be predicted as very
significant and straightforward excitation dissociation in the
excited state.

3.7 Hole-Electron Analysis

A hole–electron excitation occurs when an electron in exci-
tation from the hole region moves to the electron region
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[89–91]. This technique is extremely efficient as well as
broadly employed to determine the localization of electron
density in a compound [92]. Therefore, to comprehend the
movement of charge in the formulated chromophores, we
performed the hole–electron analysis with the help of Mul-
tiwfn 3.7 [48]. In all the explored compounds, the highest
transition of electrons is observed in acceptor part onC(67) in
BDTR, C(61) in BDTD1 and on C(83) in BDTD2–BDTD8.
Figure S6 shows that the carbon atoms in the strongly
electron-withdrawing acceptor region,which are further con-
nected with the cyano (-CN) groups, exhibit intense electron
intensity. This might occurs owing to the presence of highly
electron-withdrawing character of cyano groups over the
acceptor unit. The presence of HOMO on the donor ends
of all the molecules under investigation suggest that charge
would be transported from the donor towards the acceptor
ends by means of the hole transport materials, and the pres-
ence ofLUMOon the acceptor core of all themolecules under
study is strong evidence for this transference. The reference
BDTR and the designed derivatives BDTD1–BDTD8 appear
to be electron-type materials, because the electron intensity
in the electronic band is higher than the hole intensity in the
hole band. This research clearly specified that the end-capped
acceptor modification is a proficient approach for designing
high-performance NLO featured chromophores.

3.8 Exciton Binding Energy (Eb) Analysis

A considerable and capable feature to approximate opto-
electronic characteristics is the Eb analysis that assists
in determining the excitation dissociation potential [93].
The Eb values of compounds have been investigated with
the M06/6-311G(d,p)level of DFT. To explore the hole—
electron interface, Eb calculations for all the compounds are
examined. It is a significant parameter for the evaluation of
columbic force interaction and exciton dissociation capac-
ity, as lower the Eb, less will be the columbic forces among
hole and electron. Lower Columbic interactions and smaller
binding energies result in a more intense exciton dissociation
in excited state. Greater charge mobility is observed if Eb is
lower [94].Eb of investigated compounds (BDTD1–BDTD8)
is calculated by using Eq. 13.

Eb = EL−H − Eopt (13)

In Eq. 13, EL-H is the energy band gap in between HOMO
and LUMO andEopt (eV ) is the first singlet excitation energy
[95]. The estimated binding energies of BDTR and entitled
compounds are elucidated in Table 2.

The binding energy of BDTR is considered to be 0.510 eV.
The Eb values of BDTD1–BDTD8 are 0.445, -0.303, 0.328,
-0.328, − 0.353, 0.323, 0.333 and -0.302 eV, correspond-
ingly. The ascending order of Eb is following: BDTD5

Table 2 Calculated band gap(EL-H), Eopt and Eb of BDTR and
BDTD1–BDTD8

Compounds EL-H (eV) Eopt (eV) Eb (eV)

BDTR 2.594 2.084 0.510

BDTD1 2.536 2.091 0.445

BDTD2 2.193 2.496 − 0.303

BDTD3 2.057 1.729 0.328

BDTD4 2.197 2.525 − 0.328

BDTD5 2.150 2.503 − 0.353

BDTD6 2.075 1.752 0.323

BDTD7 2.090 1.757 0.333

BDTD8 2.209 2.511 − 0.302

< BDTD4 < BDTD2 < BDTD8 < BDTD6 < BDTD3 <
BDTD7 < BDTD1 < BDTR. All the designed derivatives
(BDTD1–BDTD8) give smaller Eb values in contrast to the
reference chromophore (BDTR). These results of Eb val-
ues for tailored chromophores are in accordance with the
results of TDMs. In a nutshell, these NF-based tailored struc-
tures have the smallest binding energies, which maintain the
compounds high polarizability, which makes them suitable
substances to utilize in the NLO applications.

3.9 Nonlinear Optical Properties

In quantum and classical optics, the basic procedure for opti-
cal frequency conversion is second-order hyperpolarizability,
which is a considerable subdivision of science that started
with the innovation of second harmonic generation (SHG)
[96]. Conjugated organic compounds in general have useful
applications in a variety of technical fields of optical limiting,
optical switching, optical memory devices, optical com-
munication, signal processing, photodynamic therapy, etc.,
because of their inherent nonlinear optical (NLO) behaviour
and durability [97, 98]. As a consequence, various mod-
elling efforts are made for different materials, including
inorganic and organic compounds. Organic complexes are
thought to be best options in NLO compounds because
of their simple reaction chemistry, reasonable advancement
and structural modulations, all of which enable us to alter
them chemically for a distinctive NLO response [99]. In
order to develop a new proton–donor–acceptor system, ICT
among electron donor and acceptor groups can be used to
reduce the band gap and regulate the transitions by using
different donor or acceptor moieties with higher first hyper-
polarizability values [100]. The degree of NLO efficiency
is accomplished by the strength of the electron-withdrawing
and electron-donating groups, the arrangement in which they
are assembled [101]. The electrical individualities of the
whole chromophores are associated with the 〈α〉, β tot and
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Table 3 Results of dipole
moment (μtot), average linear
polarizability 〈α〉, first
hyperpolarizability (β tot),
second-hyperpolarizability(γ tot)

Compounds μtot 〈α〉 × 10–22 β tot × 10–27 γ tot × 10–32

BDTR 9.519 2.633 0.573 2.918

BDTD1 6.789 2.829 1.218 2.487

BDTD2 6.100 3.166 1.403 2.974

BDTD3 12.00 3.253 2.324 4.302

BDTD4 6.964 3.173 1.264 2.554

BDTD5 7.747 3.167 1.727 3.258

BDTD6 12.90 3.246 2.074 3.959

BDTD7 11.13 3.261 2.083 3.828

BDTD8 3.107 3.073 1.187 2.750

Unit for μtot(D),〈α〉, β tot and γ tot are in esu

γ tot outcomes, which are accountable for optical activity
[102]. The μtot is a three-dimensional vector that indicates
themolecular charge distribution.As a consequence, it can be
implemented as an identifier to demonstrate how the positive
and negative charge centres influence charge transfer through
a molecule [101]. To study the change in the π - linker, the
〈α〉, beside x, y, and z directions, the β tot and γ tot values of
the designed molecules (BDTD1–BDTD8) are illustrated in
Table 3. The results for all tensors are displayed in Tables
S33–S38.

Urea is considered as a reference substance for evaluation
of the preliminary dipole moment and hyperpolarizability
values of BDTD1–BDTD8, which are observed as: 6.789,
6.100, 12.00, 6.964, 7.747,12.90, 11.13 and 3.107 D, accord-
ingly. It is illustrated that the value ofμtot of all the proposed
chromophores is larger comparative to urea (1.373 D) [103].
The μtot of BDTD6 is the highest (12.90 D) amongst all
the entitled molecules. The values of dipole moments are
presented in general decreasing order as follows: BDTD6 >
BDTD3 > BDTD7 > BDTR > BDTD5 > BDTD4 > BDTD1
>BDTD2>BDTD8. The outcomes of Table S25 have exhib-
ited that linear polarizability tensor along z-axis is more
prominent in BDTD4, while x-axis is foremost in BDTD3,
and y-axis is prominent in BDTD6 among all polarizabil-
ity tensors and its involvement towards linear polarizability
is much prominent than others. The literature studies reveal
that the energy gap between LUMO and HOMO manipu-
lates the polarizability of a compound. Greater 〈α〉 value
is indicated by chromophores with least energy gap value.
The descending order of 〈α〉 values of the tailored chro-
mophores are found to be BDTD7 > BDTD3 > BDTD6 >
BDTD4 > BDTD5 > BDTD2 > BDTD8 > BDTD1 > BDTR.
For the designed molecule BDTD7, it is demonstrated that
the maximum polarizability is the average polarizability. An
unexpected addition in its value is observed, i.e., (3.261 ×
10–22 esu). This is due to the existence of two -SO3H func-
tional units that has enhanced the charge density close to the
acceptor part and increase the electron-accepting capability.

At the aforementioned functional and basis set, the β tot is
calculated along with its constituent tensors, and the result-
ing values are listed in Table S26. Among all the designed
compounds, BDTD8 exhibit the maximum (9.682 × 10–28

esu) β tot amplitude along x-axis while along y-axis BDTD7
exhibit the maximum value (9.241 × 10–29 esu). Similarly
along z-axis, BDTD1 exhibit the maximum value (5.102 ×
10–32 esu). β tot value and molecular geometry are efficiently
interlinked with each other. The β tot normally enhances with
an increment in the strength of the functional groups such
as F, Cl and CN groups connected to the acceptor moiety,
which influence the nonlinearity of a molecule. Additionally,
as the replacements occur, the involvement of the conjugated
system is extensive and β tot is further prevailing. For all
customized structures, the β tot values are presented in the
decreasing order: BDTD3 > BDTD7 > BDTD6 > BDTD5 >
BDTD2 > BDTD4 > BDTD1 > BDTD8 > BDTR.

Furthermore, BDTR has the lowest value of β tot, i.e.
(5.726 × 10–28 esu) in comparison with the other studied
molecules. Among all the derivatives (BDTD1–BDTD8),
the enhanced NLO response is observed in BDTD3 in
contrast to the other designed molecules owing to the
integration of a nitro group, which increase the electron-
accepting affinity of compounds from the donor molecules.
The –NO2 group is more electrons accepting, therefore, suc-
cessfully led to improved NLO dimensions for the molecule
BDTD3. A better electron delocalization means decrease of
a HOMO/LUMO energy gap and an increase in β tot val-
ues in the entitled chromophores. The results found in Table
S27 for second hyperpolarizability showed that γ z tensor is
more prevailing in BDTD5with the value 2.802× 10–34 esu,
while γ x and γ y tensors are prominent in BDTD3 with the
values 3.937 × 10–32 esu and 3.406 × 10–33 esu. Highest
γ tot value of 4.302 × 10–32 esu is also indicated by BDTD3,
while smallest γ tot value of 2.487× 10–32 esu is exhibited in
BDTD1. The decreasing order of all the developedmolecules
is as follows: BDTD3 > BDTD6 > BDTD7 > BDTD5 >
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BDTD2 > BDTR > BDTD8 > BDTD4 > BDTD1. The mod-
ern study presents perceptions into the attractive NLOdata of
the aforesaid π -conjugated push–pull organic molecules for
current NLO purposes. Additionally, owing to their sophisti-
cated NLO results, the tailored structures might be employed
as targets for advance investigation.

3.10 Natural Population Analysis (NPA)

For the quantum chemical exploration of any molecule, the
atomic charges play a significant part. The distribution of
charges on an atom strongly influences the dipole moment,
chemical reactivity, electrostatic interactions between atoms
and compounds, as well as a number of other properties
of the chemical system. The valuable estimation of atomic
charge of the designed chromophores is significant for the
better interpretation of the conjugated system [104, 105].
The charges of BDTR and BDTD1–BDTD8 are computed at
M06/6-311G(d,p) functional and are demonstrated in Figure
S7. TheNBO-based charges indicate substantial influence on
the molecular configuration and bonding capacity. Its main
objective is to exhibit the reorganization of charges over the
tailored compounds (BDTD1–BDTD8) in order to conclude
their reactive sites. In NBO procedures, sulphur and hydro-
gen atoms possess net positive charge. On the other hand,
carbon hold negative and positive charges but mainly nega-
tive charge owing to steric effects. Nitrogen is found in all
the investigated molecules (BDTD1–BDTD8) and has high-
est electronegativity as compared to all other atoms in all
these compounds. Fluorine present in BDTD5 and chlorine
in BDTD2 are electronegative hetero-atoms and also have
negative charges but less than nitrogen. NPA is examined as
a superior technique in elucidating the differences in atomic
electro-negativities in compound. Extensively, this approach
has anticipated reactive behaviour in all the designed com-
pounds, i.e. BDTD1–BDTD8.

4 Conclusion

The major objective of this investigation was to design
and evaluate the NLO properties of benzodithiophene-based
fullerene-free organic chromophores (BDTD1–BDTD8)
having D-A configuration. All such chromophores were
developed via A-D-A-type compound (BDTR) through the
modification of structures with different acceptor groups.
The impact of diverse acceptors was significant for nonlin-
ear amplitudes. The UV–Vis results predicted highest λmax

value in both chloroform and gaseous phases of 717.211 and
748.426 nm, respectively, in BDTD3. FMO results exposed
that all of the structures have a lower energy band gap in the
range of 2.536–2.057 eV as compared to BDTR (2.594 eV)
along with higher bathochromic absorption spectra. The Eb

was illustrated to be in ascending order as: BDTD5<BDTD4
< BDTD2 < BDTD8 < BDTD6 < BDTD3 < BDTD7 <
BDTD1 < BDTR. Our designed compounds were found
with lesser Eb values as compared to BDTR. An efficient
charge transference is noted from donor towards acceptor in
HOMO/LUMO via DOS and TDM analyses. The values of
〈α〉, β tot and γ tot were greater for the designed derivatives in
contrast to the reference (BDTR). Among the tailored struc-
tures, the molecule (BDTD7) showed the highest value of
〈α〉 (3.261 × 10−22esu), while the compound (BDTD3) dis-
played a large β tot and γ tot values of 2.324 × 10−27and
4.302 × 10–32esu, respectively. Among all the designed
compounds, BDTD3 proved to be the best derivative owing
to its nonlinearity-based results in all activities. It can be
concluded that this work might assist in the advancement
of non-fullerene-based organic chromophores for the bet-
terment of optical devices and proved to be the valuable
materials in the field of NLO.
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