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ABSTRACT: A series of benzotrithiophene-based compounds (DCTM1-
DCTM6) having D1-π1-D2-π2-A configuration were designed using a reference
molecule (DCTMR) via incorporating pyrrole rings (n = 1−5) as the π-spacer
(π2). Quantum chemical calculations were performed to determine the impact of
the pyrrole ring on the nonlinear optical (NLO) behavior of the above-mentioned
chromophores. The optoelectronic properties of the compounds were determined
at the MW1PW91/6-311G(d,p) functional. Among all of the derivatives, DCTM5
exhibited the least highest occupied molecular orbital−lowest unoccupied
molecular orbital (HOMO−LUMO) band gap (Eg) 0.968 eV with a high softness
of 0.562 eV−1, and hence possessed the highest polarizability. Interestingly,
transition density matrix (TDM) findings demonstrated that DCTM5 with an
effective diagonal charge transmission proportion at the acceptor group supports
the frontier molecular orbital (FMO) results. Additionally, the exciton binding
energy values for DCTM1-DCTM6 were found to be less than that for DCTMR and thus, the effective charge transfer was
examined in the derivatives. All of the derivatives exhibited effective NLO outcomes with the highest magnitude of linear
polarizability ⟨α⟩, and first (βtot) and second (γtot) hyperpolarizabilities relative to the parent compound. Nevertheless, the highest
βtot and γtot were obtained for DTCM1 and DTCM6, 7.0440 × 10−27 and 22.260 × 10−34 esu, respectively. Hence, through this
structural tailoring with a pyrrole spacer, effective NLO materials can be obtained for optoelectronic applications.

■ INTRODUCTION
For the past several decades, the most challenging task in
research fields has been the development of advanced materials
to produce distinct nonlinear optical (NLO) responses. The
fields of optical computing, telecommunications,1 electronics,2

laser technology,3 optoelectronics,4 and photonic devices5 all
greatly benefit from these materials.6 Several strategies have
been used to create novel as well as enhanced materials that
have outstanding NLO responses.7,8 Organic as well as
inorganic semiconductors, molecular dyes, nanomaterials, and
organometallic compounds9,10 are a few examples of these
kinds of polymer frameworks. Concerning the applications of
nonlinearity, each class has its own benefits and drawbacks.
The research of nonlinear optics was first concentrated on
solid inorganic materials like LiNbO3 and KH2PO4, but for a
variety of reasons, the attention progressively switched to
organometallic and organic systems.11 Due to their high
electronic charge transfer (CT), and excitations at low
energies, the transition organometallic complexes also
functioned as possible constituents of second-order NLO
materials.12 New organic NLO active compounds have earned
reputation as being advantageous for simulation analysis owing
to their appealing structural characteristics such as quick

reaction times, increased hyperpolarizability, affordability,
higher band gaps, and the ability to be modulated structurally
to produce a high NLO response.13 Moreover, they exhibit
exceptional optical transparency, natural softness, and out-
standing stability in the visible spectrum. Moreover, organic
compounds have a strong NLO response because of the
adaptability of their chemical composition owing to various
functional groups and a broad range of synthesis techniques.
These unique structural characteristics account for their
widespread use in several optical applications, including
electro-optic switching modulation, frequency doubling, and
the generation of terahertz (THz) waves.14,15 In organic
chromophores, powerful donor and acceptor groups are linked
through the conjugated π-system, which in turn leads to the
fast intramolecular charge transfer (ICT) that supports NLO
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characteristics.16 Efficient D-π−A compounds can be designed
by adjusting the structure of a push−pull scheme and assessing
the impact of donor−acceptor (D−A) units.17 Structural
modeling is a crucial factor for NLO properties.18

The nonfullerene-based NLO compounds have been
reported recently as efficient NLO materials and are now
receiving attention owing to their unique properties, including
less cost of production, fine-tunability, high molar extinction
coefficients, ease of purification, and high absorption ranges in
the near-infrared (NIR) and visible regions.19−21 Moreover,
NFAs’ π-conjugation offers significant CT at the D−A contact,
which helps with electronic delocalization.22 Three thiophene
groups fuse to the benzene core to produce the powerful
electron-donating compound known as benzotrithiophene
(BTT), which is currently recognized as an efficient donor
that is substantially employed to improve NLO behavior.
BTT’s stiff, steric-hindrance-free molecular core makes it an
ideal coplanar skeleton for NFEAs, allowing it to demonstrate
many advantages.23 Inter- and intramolecular bonds between
D−A parts can induce self-assembly into organized frameworks
and robust π-assembly of polymeric chains; these two factors
aid in charge transition. Typical donor moieties arise from
electron-donating materials such as benzo[1,2-b:4,5-b′]-
dithiophene, cyclopenta[2,1-b:3,4-b′]dithiophene, dithieno-
[3,2-b:2′,3′-d]silole, and dithieno[3,2-b:2′,3′-d]pyrrole, which
have been copolymerized via powerful ‘A’ like 2,1,3-
benzothiadiazole (BTZ) to develop efficient organic semi-
conductors for electronic devices.24−27 Adding an acyl
electron-withdrawing group to BTT may improve energy
levels, solubility, and intramolecular push−pull interactions to
increase the near-infrared absorption. Moreover, BTT’s
asymmetrical distribution of the electronic cloud enhances
the exciton dissociation efficiency and boosts the dipole
moment. Because of its outstanding characteristics, BTT has
become a viable option for building high-performance NLO
materials.28,29

Therefore, keeping in view the previous discussion, in this
study we have chosen an organic fullerene free BTT-based
synthesized parent compound, namely 2,2′-((2Z,2′Z)-((6,6′-
(5-(2-butyloctanoyl)benzo[1,2-b:3,4-b′:6,5-b″]trithiophene-
2,8-diyl)bis(4,4-bis(2-butyloctyl)-4H-cyclopenta[1,2-b:5,4-b′]-
dithiophene-6,2-diyl))bis(methanylylidene))bis(5,6-difluoro-
3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile
(BTTBo-4F)30 comprising the A-π-D-π−A framework.

Further, in the parent compound (BTTBo-4F), the bulky
groups, i.e., 2-methyldecane and 2-butyloctanal, attached to the
π-spacer and donor are substituted by methyl (−CH3) to
lessen the computational cost and to avoid steric hindrance
due to the large alkyl chains. Now the compounds are renamed
BTTBo-4F to DCTMR (Figure 1). An array of chromophores
(DCTM1-DCTM6) were formulated with push-pull architec-
ture, and then their NLO properties were determined through
density functional theory (DFT). From literature, we found
that a study of the aforesaid benzotrithiophene-based
compounds has not been reported yet. This research
represents a step forward in the advancement of NLO matter
and may represent the theoretical aspect of second-order NLO
properties because of the appropriate D1-π1-D2-π2-A config-
uration.

■ RESULTS AND DISCUSSION
The study is emphasized on theoretical investigation of
nonlinear optical behavior by organic nonfullerene systems.
In the current study, DCTMR is selected as a reference after
some alterations in the parent molecule (BTTBo-4F), which is
taken from the literature as demonstrated in Figure 1.
In this study, the chain length of the π-linker is enhanced by

inserting a unit of the 1H-pyrrol ring in each derivative
(DCTM1-DCTM6) to comprehend the effect of π-conjuga-
tion on NLO properties. The selected reference molecule
(DCTMR) has A−π−D−π−A conformation, but in order to
achieve push−pull confirmation (D1−π1−D2−π2−A) arrange-
ment, the terminal acceptor part, i.e., [2-(2-ethylidene-5,6-
difluoro-3-oxo-indan-1-ylidene)-malononitrile], is replaced
with -N,N-dimethylaniline as the donor motif to design
DCTM1 as shown in Figure 2. Further modification is done
in DCTM1 by adding the 1H-pyrrol unit π2-spacer to design
DCTM2-DCTM6 derivatives. The IUPAC names of formu-
lated molecules are given in Table S30, while their ChemDraw
structures are presented in Figure S1 and data for Cartesian
coordinates are tabulated in Tables S1−S7. The effect of
enhanced π-conjugation on NLO properties, highest occupied
molecular orbital−lowest unoccupied molecular orbital
(HOMO−LUMO) band gap, optical properties, ⟨α⟩, βtot,
and ⟨γ⟩ is examined. This research might be very helpful in the
field of NLO and may provide a platform for experimental
researchers to synthesize these compounds with improved

Figure 1. Alteration of BTTBo-4F to DCTMR by replacing the bulky groups with the −CH3 group.
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NLO properties. The optimized geometries of the investigated
compounds are presented in Figure S2.
Electronic Properties. The Frontier molecular orbital

(FMO) analysis permits us to establish some important
quantum chemistry factors, i.e., kinetic stability, electronic
characteristics, electron transport ability, and chemical
reactivity of an organic system.31 The acquired energy
difference (Egap = ELUMO − EHOMO) of systems is proportional
to the kinetic stability and helpful in the quantum chemical
study of materials having NLO characteristics.32,33 FMO
investigation confirms the electronic charge distribution
arrangement for the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO).34 FMOs also play a crucial part in modeling the
UV−visible spectrum and the reaction mechanism analysis of
the studied compounds.35 Therefore, DFT calculations for the
current study are carried out to calculate the EHOMO, ELUMO,
EHOMO−1, ELUMO+1, and ΔE of DTCMR and DTCM1-DTCM6
and the outcomes are represented in Table 1.
The HOMO is illustrated to be the part having a large

electron-donating tendency, such as a donor, whereas the
LUMO, as well as some part of the π-spacer, is observed to be
an electron-deficient region, such as an acceptor.36 The FMO
diagram (Figure 3) with blue (positive) and red (negative)
sections explains the electronic cloud dispersal during ICT. A
significant charge transference from HOMO toward LUMO is
seen between the different parts of chromophores. In
DTCMR, the HOMO and LUMO electronic cloud is
predominantly located on the entire molecule. However, in
DTCM1-DTCM6, the greater part of charge density in
HOMO is concentrated on the π-spacers and donor, whereas
for LUMO a greater amount of charge density resides on the
acceptor unit. Table 2 shows that lower energy gaps in all of
the designed molecules (1.600−1.802 eV) in contrast to the
reference compound (2.129 eV) support their reactive

character with improved NLO results. The highest band gap
(2.129 eV) is noted in DTCMR due to the A−π−D−π−A
confirmation and reduced conjugation of the system. The
smallest band gap (0.968 eV) (Table 1) is observed in
DTCM5 due to the addition of a π-bridge (1H-pyrrol), which

Figure 2. Sketch map of the reference and its derivative compounds
(DCTM1-DCTM6).

Table 1. Computed Energies (eV) of FMOs of DCTMR and DCTM1-DCTM6

compounds EHOMO ELUMO ΔE EHOMO−1 ELUMO+1 ΔE

DCTMR −5.625 −3.496 2.129 −6.118 −3.361 2.757
DCTM1 −5.049 −3.368 1.681 −6.300 −1.967 4.333
DCTM2 −5.016 −3.334 1.682 −5.620 −2.108 3.512
DCTM3 −4.976 −3.174 1.802 −5.541 −2.718 2.823
DCTM4 −4.945 −3.147 1.798 −5.497 −2.263 3.234
DCTM5 −4.092 −3.124 0.968 −5.445 −2.333 3.112
DCTM6 −4.829 −3.129 1.700 −6.118 −3.361 2.757

Figure 3. Counter FMOs’ surfaces of DCTMR and DCTM1-
DCTM6.
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increases the conjugation of the system and facilitates the
electronic charge movement from the donor to acceptor, hence
making it a suitable NLO material among theoretically
designed compounds. The energy gap of DTCM1 is noted
to be 2.199 times lesser than the Egap of the reference
compound because of the push-pull structure. The energy gap
values of all compounds (DTCM1-DTCM6) lie in between
0.968−1.802 eV. The introduction of π-bridges results in
enhanced conjugation, which generates the strong push−pull
structure essential for a better NLO effect. The Egap values of
all investigated systems are in the following decreasing order:
DTCMR (2.129 eV) > DTCM3 (1.802 eV) > DTCM4 (1.798
eV) > DTCM6 (1.700 eV) > DTCM2 (1.682 eV) > DTCM1
(1.681 eV) > DTCM5 (0.968 eV). Compared to other
derivatives, DCM5 exhibits a lower band gap, possibly due to
favorable electronic properties or efficient charge transfer
facilitated by neighboring pyrrole units. An interesting
behavior was seen for the energy gap in higher orbitals. All
of the fabricated molecules exhibited higher energy gap (Egap)
values than the reference molecule. This unique behavior of
compounds might open new ways for researchers. Overall, an
efficient charge transmission is noticed in the formulated
molecules in contrast to DTCMR, which is a measure of their
polarizable character and the reactivity of NLO materials.
Density-of-States Investigation. To support the FMOs

outcomes, a density-of-states (DOS) investigation is per-
formed. For this purpose, the studied molecules are distributed
into three segments, i.e., donor, π-spacer, and acceptor parts,
and characterized by red-, green-, and blue-colored lines,
respectively, as shown in Figure S3. The band gap is a key
feature of the band structure, which has the power to
significantly change the electronic and optical characteristics
of the compounds.37 Figure S3 shows that in the reference
molecules (DCTMR), the electronic cloud of HOMOs is
equally distributed over the donor (D1), while in the case of
LUMOs, the charge concentration majorly resides over the

acceptor segment (Figure 3). The FMO study shows that
HOMOs mainly reside over donor and π-spacer regions,
whereas in the case of LUMOs, the electronic cloud majorly
lies over the acceptor moiety. The DOS study reveals that
donors (D1 and D2) contribute 40.1, 49.3, 48.1, 45.0, 27.8,
27.3, and 16.4% to HOMO and 9.4, 7.4, 2.8, 0.6, 0.2, 0.0, and
0.0% to LUMO for DCTMR and DCTM1-DCTM6,
respectively. In a similar fashion, the π-spacer (π1 and π2)
contributes 43.3, 49.5, 50.2, 50.7, 60.2, 43.0, and 33.4% to
HOMO, while on LUMO its participation is 36.7, 35.2, 15.8,
3.7, 0.9, 0.3, and 0.1% for DCTMR and DCTM1-DCTM6,
respectively. Moreover, the charge contribution of the acceptor
at HOMO is 16.6, 1.2, 1.7, 4.3, 12.0, 29.7, and 50.1%; however,
it contributes 53.9, 57.4, 81.4, 95.7, 98.9, 99.7, and 99.9% to
LUMO for DCTMR and DCTM1-DCTM6, respectively.
Furthermore, the DOS graph shows that HOMOs’ highest
electronic cloud is located on donors D1 and D2, as a red high
peak is found at almost −6.3 eV, whereas the electron charge
concentration is traced to be near 1.5 eV on the acceptor group
for LUMOs. This efficient charge transference in a
chromophore elucidates that these fabricated organic systems
might possess effective NLO properties.
Optical Properties. The ultraviolet−visible (UV−vis)

spectral study determines the various linear optical parameters
as well as nonlinear optical activity of the formulated
compounds.3 The UV−vis investigation is accomplished to
study the charge transfer possibility, maximum absorption
(λmax), and electronic excitation energy (Ex) besides oscillation
frequency ( fos) of the investigated molecules. All of these
parameters are computed in the gaseous along with solvent
phase (chloroform), as shown in Table 2. The six lowest
singlet−singlet transitions are shown in Tables S8−S21.
It is clear from the outcomes (Table 2) that the maximum

absorption that occurs in chloroform is approximated to the
experimental outcome of 705 nm reported in the reference
molecule (DCTMR).30 Among all of the designed compounds,
the absorption maxima is observed in DCTM1 at 858.438 nm
with an excitation energy (Ex) of 1.444 eV, analogous to the
molecular orbital transition H → L (97%) and oscillator
strength of 0.878; therefore, these transitions would be
strongly allowed. Hence, it is regarded as a red-shifted
compound, which might be attributed to its distinctive
chemical design. The wavelength (nm) trend in the gaseous
phase in the investigated compounds is DCTM1 (858.438
nm) > DCTM6 (851.715 nm) > DCTM2 (793.854 nm) >
DCTM4 (792.687 nm) > DCTM5 (806.244 nm) > DCTM3
(782.235 nm) > DCTMR (726.669 nm). However, their
relative transition energies are observed to be in the reverse
order, as DCTM2 (1.444 eV) < DCTMR (1.456 eV) <
DCTM6 (1.538 eV) < DCTM5 (1.562 eV) < DCTM4 (1.564
eV) < DCTM3 (1.585 eV) < DCTM1 (1.706 eV). Meanwhile,
the oscillator strength is seen to be in the following order:
DCTMR (3.570) > DCTM1 (1.014) > DCTM4 (1.004) >
DCTM2 (0.878) > DCTM5 (0.934) > DCTM3 (0.731) >
DCTM6 (0.729).
In the gaseous phase, DCTMR showed the maximum

wavelength = 675.700 nm, with the transition energy and
oscillation frequency as 1.835 eV and 3.296, respectively, and
the major HOMO → LUMO contributions were observed to
be 96%. However, all of the derivatives exhibit λmax in the range
of 787.251−827.610 nm and oscillator strength in the range of
0.316−0.694. Moreover, among all of the derivative com-
pounds, DCTM3 shows a blue shift (787.251 nm) as the

Table 2. Results of UV−Vis Absorption Spectroscopy for
DCTMR and DCTM1-DCTM6 in Solvent Phase and
Gaseous Phase

media compounds λmax (nm)
Ex

(eV) fos MO contributions

chloroform DCTMR 726.669 1.706 3.570 H → L (94%)
DCTM1 858.438 1.444 0.878 H → L (97%),
DCTM2 793.854 1.562 0.731 H → L (94%),

H-1 → L (5%)
DCTM3 782.235 1.585 1.004 H-1 → L (14%),

H → L (84%),
DCTM4 792.687 1.564 1.014 H-1 → L (19%),

H → L (78%),
DCTM5 806.244 1.538 0.934 H-1 → L (14%),

H → L (84%),
DCTM6 851.715 1.456 0.729 H → L (90%),

H-1 → L (8%)
gaseous
phase

DCTMR 675.700 1.835 3.296 H → L (96%)
DCTM1 827.610 1.498 0.694 H → L (99%),
DCTM2 792.839 1.564 0.494 H → L (98%),
DCTM3 787.251 1.575 0.483 H → L (97%),

H-1 → L (3%)
DCTM4 790.463 1.569 0.396 H → L (95%),

H-1 → L (5%)
DCTM5 792.130 1.565 0.387 H → L (93%),

H-1 → L (7%)
DCTM6 825.571 1.502 0.316 H → L (91%),

H-1 → L (8%)
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maximum wavelength and a higher energy 1.575 eV with the
oscillation transition as 0.483 (Table 2). Further, DCTM1
shows λmax at 827.610 nm, transition energy 1.498 eV,
oscillator transition energy 0.649, and major H-1 → L
molecular orbital contributions = 99%. Overall, the λmax of
all of the above-mentioned compounds in gaseous phase is
observed to be DCTM1 (827.610 nm) > DCTM6 (825.571
nm) > DCTM2 (792.839 nm) > DCTM5 (792.130 nm) >
DCTM4 (790.463 nm) > DCTM3 (787.251 nm) > DCTMR
(675.700 nm). The efficiency of NLO materials can also be
determined by the excitation energy, i.e, a lower excitation
energy provides a higher power conversion efficiency (PCE).
The UV−vis absorption spectra in both solvent (chloroform)
and gaseous phases are displayed in Figure 4.
Global Reactivity Parameters (GRPs). The GRPs are

estimated via HOMO−LUMO energy values38 to predict the
chemical nature of the molecules. A higher EHOMO value
indicates a stronger electron donation tendency, whereas a
lower value of ELUMO indicates a better ability to accept
electrons.39,40 According to Pearson, the molecules with a
lower value of energy band gap (ELUMO − EHOMO) are soft and
highly reactive in nature.41 The softness of a molecule is
correlated to its hardness and articulates the extent of chemical
reactivity.42 The electronegativity (X),43 ionization potential
(IP),44 electron affinity (EA),45 global softness (σ),46 hardness
(η),47 chemical potential (μ),48 and electrophilicity index
(ω)49 are the GRPs, which are described using the HOMO−
LUMO energy band gap50,51 and the outcomes are listed in
Table 3.
Electronic affinity (EA) is the tendency to accept an electron

from the donor; therefore, it is calculated by the energy of
LUMO using eq 1.

= EEA LUMO (1)

The ionization potential is entrenched using HOMO and by
applying eq 2.

= EIP HOMO (2)

A molecule’s resistance to intramolecular charge transfer
(ICT) is measured by its chemical hardness; the lower the
chemical hardness, the higher the ICT.41 Mulliken found a
relationship between the electronegativity and the mean of
HOMO−LUMO energies.52 Therefore, in order to calculate
the hardness, softness, and electronegativity, eqs 3−553 are
employed.

= [ ]IP EA
2 (3)

= 1
2 (4)

= [ + ]
X

IP EA
2 (5)

The μ and ω are calculated using eq 651 and 7,54,55

respectively.

=
+E E
2

HOMO LUMO
(6)

=
2

2

(7)

The ability of a compound to absorb more electrical charge
from its environment is denoted by ΔNmax, and is calculated by
eq 851

Figure 4. Simulated absorption spectra of DCTMR and DCTM1-DCTM6 in chloroform and the gaseous phase.

Table 3. Global Reactivity Parameters (in eV) for DCTMR and DCTM1-DCTM6

compounds IP EA X η μ ω σ ΔNmax

DCTMR 5.625 3.496 4.561 1.065 −4.561 9.769 0.470 2.922
DCTM1 5.049 3.368 4.209 0.841 −4.209 10.536 0.595 5.005
DCTM2 5.016 3.224 4.120 0.896 −4.120 9.472 0.558 4.598
DCTM3 4.979 3.174 4.077 0.903 −4.077 9.207 0.554 3.174
DCTM4 4.945 3.147 4.046 0.899 −4.046 9.105 0.556 4.501
DCTM5 4.902 3.124 4.013 0.889 −4.013 9.057 0.562 4.514
DCTM6 4.829 3.129 3.979 0.850 −3.979 9.313 0.588 4.681
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=N /max (8)

The outcomes of Table 3 disclose that all of the compounds
under study possess a high ionization potential with a low
value of electron affinity. However, among all of the examined
compounds, the reference (DCTMR) exposed the highest IP
with a value of 5.625 eV. The ionization potential is observed
to be decreasing in the following order: DCTMR > DCTM1 >
DCTM2 > DCTM3 > DCTM4 > DCTM5 > DCTM6.
Further, DCTM1 exhibits a higher softness value of 0.595 eV−1

with the lowest band gap (1.600 eV) among the rest of the
molecules; therefore, it is the most reactive and polarizable
compound.56 The lower the value of chemical hardness, the
less stable is the molecule.57 The highest value of hardness
(1.065 eV) is shown by DCTMR. All of the designed
compounds are arranged in decreasing order on the basis of
softness as DCTM1 > DCTM6 > DCTM5 > DCTM2 >

DCTM4 > DCTM3 > DCTMR. Moreover, 4.561 and 3.979
eV are the highest and lowest values of electronegativity
demonstrated by DCTMR and DCTM6, respectively. Addi-
tionally, the highest ΔNmax is exposed by DCTM1 with a value
of 5.005 eV. The computed values of ΔNmax are observed to be
decreased in the following order: DCTM1 > DCTM6 >
DCTM2 > DCTM5 > DCTM4 > DCTM3 > DCTMR. In
conclusion, all of the results of GRPs show that DCTM1 has
the highest charge transfer (CT) and lowest band gap (Table
1); hence, it displays the maximum ICT and will prove as the
best optoelectronic material for future NLO applications.
Natural Bond Orbital (NBO) Study. The natural bond

orbital (NBO) study is usually performed to examine the
molecular stability emerging due to the charge delocalization
and hyper-conjugative interactions.58 The substantial ICT
interactions from the donor to the acceptor and the energy

Table 4. Selected Values of Natural Bond Orbitals Analysis for the Reference (DCTMR) and Derivative (DCTM1-DCTM6)
Molecules

compounds donor (i) type acceptor (j) type E(J)E(i)b F(i,j)c E(J)E(i)b

DCTMR C35−C36 π C65−C66 π* 33.76 0.31 0.091
C97−N98 π C99−N100 π* 0.88 0.47 0.018
C65−H67 σ C35−S39 σ* 10.72 0.73 0.079
C97−N98 σ C88−C92 σ* 0.50 1.68 0.026
S45 LP(2) C41−C42 π* 30.19 0.27 0.081
O101 LP(2) C72−C89 σ* 21.32 0.75 0.115

DCTM1 C72−C73 π C74−S75 π* 37.94 0.17 0.086
C57−O59 π C54−C56 π* 3.96 0.43 0.04
C54−H55 σ C74−S75 σ* 10.78 0.73 0.079
C101−N102 σ C93−C100 σ* 0.50 1.68 0.026
N60 LP(1) C47−C51 π* 50.23 0.28 0.111
O59 LP(2) C57−C92 σ* 21.33 0.75 0.114

DCTM2 C61−C63 π C100−C107 π* 29.55 0.29 0.083
C108−N109 π C110−N111 π* 0.90 0.47 0.018
C61−H62 σ C57−N58 σ* 9.52 0.99 0.087
C108−N109 σ C100−C107 σ* 0.50 1.67 0.026
N67 LP(1) C47−C51 π* 49.90 0.28 0.111
O66 LP(2) C64−C99 σ* 20.49 0.78 0.115

DCTM3 C99−C100 π C54−C55 π* 28.92 0.30 0.084
C98−N111 π C117−N118 π* 0.71 0.47 0.016
C54−H120 ∑ C55−C56 σ* 8.98 1.05 0.087
C115−N116 ∑ C56−C113 σ* 0.51 1.66 0.026
N58 LP(1) C47−C51 π* 49.45 0.29 0.111
O114 LP(2) C57−C70 σ* 21.14 0.74 0.113

DCTM4 C118−C119 π C120−C121 π* 30.9 0.29 0.086
C81−N82 π C79−N80 π* 0.71 0.48 0.016
C54−H83 ∑ C55−C71 σ* 8.91 1.05 0.086
C79−N80 ∑ C71−C78 σ* 0.51 1.66 0.026
N122 LP(1) C118−C119 π* 50.31 0.30 0.110
O58 LP(2) C56−C70 σ* 21.14 0.74 0.113

DCTM5 C113−C114 π C115−N116 π* 35.43 0.22 0.092
C135−N136 π C133−N134 π* 0.90 0.47 0.018
C54−H77 σ C121−N126 σ* 9.56 0.99 0.087
C135−N136 σ C56−C131 σ* 0.50 1.67 0.026
N58 LP(1) C47−C51 π* 49.64 0.28 0.111
O132 LP(2) C57−C70 σ* 20.54 0.77 0.114

DCTM6 C131−C132 π C133−C134 π* 31.13 0.29 0.086
C71−C78 π C79−N80 π* 0.94 0.41 0.019
C54−H83 σ C55−C71 σ* 8.90 1.05 0.086
C79−N80 σ C71−C78 σ* 0.51 1.66 0.026
N135 LP(1) C131−C132 π* 50.37 0.30 0.110
O58 LP(2) C56−C70 σ* 21.14 0.74 0.113
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Figure 5. Transition density matrix pictographs of DCTMR and DCTM1 to DCTM6.
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contribution to these interactions to stabilize the system are
given by the second-order perturbation theory study of the
Fock matrix in NBO basis, and the outcomes are recorded in
Tables S22−S28 (Supporting Information). The NBO
examination for DCTMR and its derivative compounds
(DCTM1-DCTM6) was accomplished at MPW1PW91/6-
311G(d,p) level of theory and the selected transitions are
recorded in Table 4. Equation 9 is used to compute the energy
of stabilization E(2) in the NBO investigation.59

=E q
F( )

i
i j

j i

(2) ,
2

(9)

where the donor and acceptor segments are represented by I
and j subscripts, E(2) is the energy of stabilization, and qi, εi, εj,
and Fi,j characterize the orbital occupancy, diagonal, and off-
diagonal NBO Fock matrix components, respectively.60

The natural bond orbital analysis shows that four main
transition types (σ → σ*, π → π*, LP → σ*, and LP → π*) are
observed for the reference (DTCMR) and its derivatives
(DCTM1-DCTM6). Among these, π → π* transitions are
essential for ICT and stabilization of the compound. The
transitions π(C35−C36) → π*(C65−C66), π(C72−C73) →
π*(C74−S75), π(C61−C63) → π*(C100−C107), π(C99−
C100) → π*(C54−C55), π(C118−C119) → π*(C120−
C121), π(C113−C114) → π*(C115−N116), and π(C131−
C132) → π*(C133−C134) provide the highest stabilization
energy values of 33.76, 37.94, 29.55, 28.92, 30.9035.43, and
31.33 kcal·mol−1, respectively, for DCTMR and DCTM1-
DCTM6, while π(C97−N98) → π*(C99−N100), π(C57−
O59) → π*(C54−C56), π(C108−N109) → π*(C110−
N111), π(C98−N111) → π*(C117−N118), π(C81−N82)
→ π*(C79−N80), π(C135−N136) → π*(C133−N134), and
π(C71−C78) → π*(C79−N80) transitions have the lowest
stabilization energies such as 0.88, 3.96, 0.90, 0.71, 0.71, 0.90,
and 0.94 kcal·mol−1, respectively, for reference and designed
molecules.
Moreover, σ → σ* transitions such as σ(C65−H67) →

σ*(C35−S39), σ(C54−H55) → σ*(C74−S75), σ(C61−
H62) → σ*(C57−N58), σ(C54−H120) → σ*(C55−C56),
σ(C54−H83) → σ*(C55−C71), σ(C54−H77) → σ*(C121−
N126), and σ(C54−H83) → σ*(C55−C71) have 10.72,
10.78, 9.52, 8.98, 8.91, 9.56, and 8.90 kcal·mol−1 as the highest
energies for DCTMR and DCTM1-DCTM6, respectively.
Similarly, σ(C97−N98) → σ*(C88−C92), σ(C101−N102)
→ σ*(C93−C100), σ(C108−N109) → σ*(C100−C107),
σ(C115−N116) → σ*(C56−C113), σ(C79−N80) →
σ*(C71−C78), σ(C135−N136) → σ*(C56−C131), and
σ(C79−N80) → σ*(C71−C78) have 0.50, 0.50, 0.50, 0.51,
0.51, 0.50, and 0.51 kcal·mol−1, respectively, for DCTMR and
DCTM1-DCTM6. Furthermore, in the reference (DCTMR)
and designed molecules (DCTM1-DCTM6), the transitions
LP2(S45) → π*(C41−C42), LP1(N60) → π*(C47−C51),
LP1(N67) → π*(C47−C51), LP1(N58) → π*(C47−C51),
LP1(N122) → π*(C118−C119), LP1(N58) → π*(C47−
C51), and LP1(N135) → π*(C131−C132) have the highest
energy values as 30.19, 50.23, 49.90, 49.45, 50.31, 49.64, and
50.37 kcal·mol−1, respectively, whereas the highest energy
values of 21.32, 21.33, 20.49, 21.14, 21.14, 20.54, and 21.14
kcal·mol−1 are observed for LP2(O101) → σ*(C72−C89),
LP2(O59) → σ*(C57−C92), LP2(O66) → σ*(C64−C99),
LP2(O114) → σ*(C57−C70), LP2(O58) → σ*(C56−C70),

LP2(O132) → σ*(C57−C70), and LP2(O58) → σ*(C56−
C70), respectively.
The above-mentioned results exposed that across all of the

studied compounds, DCTM1 possesses enhanced stability due
to the prolonged π-conjugation between the bonding and
antibonding orbitals of the thiophene ring C72−C73 bond and
the C74−S75 bond stabilizes the molecule with an energy of
37.94 kcal·mol−1(Table 4). Hence, NBO analysis of the
aforesaid molecules shows that strong intramolecular charge
transfer and prolonged hyperconjugation play a significant role
in the stabilization of these compounds and endow them with
tremendous NLO properties.
Hole−Electron Interaction Analysis. Multiwfn 3.8 is a

powerful tool used to perform electron excitation analysis. It
also offers a thorough understanding of all kinds of electron
transference character. It is a highly useful method to
determine the type and nature of electron excitation.8,61 The
designed compounds have N,N-dimethylaniline and 2,5,8-
trimethylbenzo[1,2-b:3,4′:6,5-b]trithiophene as the donor,
linked with 4,4-dimethyl-4H-cyclopenta[1,2-b:5,4-b′]-
dithiophene as the π-linker, and at the other terminal, [2-(2-
ethylidene-5,6-difluoro-3-oxo-indan-1-ylidene)-malononitrile]
as a strong electron-withdrawing group. Hence, it is decided to
perform a hole−electron interaction analysis in order to
investigate the electron excitation behavior of our designed
molecules. First, the compounds are optimized by the
MPW1PW91/6-311G(d,p) method, and the six lowest singlet
states are investigated. It can be seen from the hole−electron
map (Figure S4) that the hole and electron of S0 → S2, S3 and
S4 are scattered in the local region. Further, it is also observed
that in the reference molecule (DCTMR), the hole is
produced in a carbon atom present in the thiophene ring (π-
spacer); however, electron density showed concentrated
carbon atoms of the π-linker at the opposite terminal. Figure
S4 also reveals that the hole intensity is intense at several parts
of the π-linker and donor (D1 and D2), while the electron
density is transferred toward the acceptor group. In DCTM3
and DCTM4, a high hole intensity is observed over the carbon
atom of the donor group, while the electron intensity is found
to be maximum over the acceptor region. In short, all of the
designed compounds, including the reference molecule, seem
to be electron-type owing to the intense electron density at the
electronic band, contrary to the hole band-holding hole
intensity.
Transition Density Matrix (TDM) Inspection. TDM

analysis was done to comprehend the ICT pattern and types of
transition in the excited state.62 For any transition between two
eigen states in a many-body system, the TDM analysis provides
a distinctive spatial heat map that depicts the scattering of
related electron−hole pairs and enables measurement of their
delocalization and coherence durations.63,64 The electronic
charge transfer from the donor (D) toward acceptor (A)
moieties with the aid of a π-linker in the excited state using
three-dimensional graphs is efficiently explained through this
investigation.65 In TDM analysis, hydrogen (H) atoms have
been automatically neglected due to their minor involvement
in the transitions. For TDM inspection, we have split DCTMR
into three segments, namely terminal acceptor (A), π-bridge,
and donor; however, the derivatives (DCTM1-DCTM6) are
derived into five parts: donor 1 (D1), π-spacer 1, donor 2 (D2),
π-spacer 2, and terminal acceptor (A) unit.
Figure 5 shows that all of the investigated systems show a

similar behavior, in which the electronic charge density has
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efficiently been transported diagonally out of the donor to the
acceptor through the π-spacer, which permits proficient charge
transmission without any hindrance. Overall, the outcomes of
TDM heat maps elaborate efficient charge separation from the
ground state to the excited state (S0 → S1). Interestingly, for
all of the derivatives, a snapshot of DCTM5 reveals that an
efficient diagonal charge transmission coherence is only seen at
the acceptor section, which supports the FMO findings.
However, estimates of TDM snapshots of DCTM1-DCMT6
suggested that exciton separation in the excited state is
schematic, simpler, and developed, which might be useful in
future applications.
Exciton Binding Energy (Eb). The binding energy (Eb) is

another significant tool for predicting the optoelectronic
properties of various materials. A stronger NLO response is
produced by the increased charge mobilities caused by a low
binding energy. The exciton binding energies of DCTMR and
DCTM1-DCTM6 can be calculated by subtracting the first
excitation energies (Eopt) from the band gap value (Egap) with
the help of eq 10.66 The theoretically calculated values of
exciton binding energies (Eb) for the investigated compounds
are listed in Table 5.

=E E Eb LH opt (10)

Here, EL and EH are the energies of LUMOs and HOMOs,
respectively. The formulated systems illustrate a high charge
dissociation capability, giving a low value of Eb. The value of Eb

reduces in the following order: DCTMR (0.423 eV) >
DCTM2 (−0.225 eV) > DCTM4 (−0.329 eV) > DCTM3
(−0.336 eV) > DCTM1 (−0.346 eV) > DCTM5 (−0.363 eV)
> DCTM6 (−0.445 eV). Among all of the titled
chromophores, DCTM6 demonstrated the lowest value
(−0.445 eV) of binding energy, exposing its high optoelec-
tronic characteristics with a greater magnitude of exciton
dissociation in the excited state (S1). In a nutshell, all of the
examined molecules have Eb values less than 1.9 eV and are
found suitable for optical activity and a range of nonlinear
optical applications.
Molecular Electrostatic Potential (MEP). Molecular

electrostatic potential (MEP) surface analysis plays an
important role in the understanding of effective NLO
materials.67 The MEP pictographs for reference and derivatives
are displayed in Figure 6. The negative and positive charge
densities are shown by red- and blue-colored regions,
respectively, which are suitable for electrophilic as well as
nucleophilic attack. The declining order of electronic charge
participation and electrostatic potential is as blue > green >
yellow > orange > red.81

The red portion represents the highly electronegative (EN)
fluorene (F) and oxygen (O) atoms and is prone to
nucleophilic attack, while green and yellow colors present
chlorine (Cl) and sulfur (S) atoms, respectively, which are less
EN, demonstrating the easier electrophilic attack at these
particular points, because of the thick electronic charge density
of F, O, Cl, and S atoms. Moreover, blue color indicates the
nitrogen (N) atom with negative potential, while gray color
represents the electropositive carbon (C) and hydrogen (H)
atoms, presenting promising positions for nucleophilic attack.
From the above-mentioned results, it can be concluded that
electrophilic species are the best to attack the yellow- and red-
colored regions over molecular electrostatic potential (MEP)
surface, whereas nucleophilic species are observed as the best
to attack the blue regions over the MEP surface.68

Nonlinear Optical (NLO) Study. The NLO study has
been acknowledged as the most suitable study for the progress
of various areas such as photonic materials,69 optical devices,70

photonic devices,71 electrochemical sensors, optoelectronics,
biomedicine,72 and high-speed optical signal processing.73 For
developing the NLO response, a pull−push configuration of

Table 5. ELH, Eopt, and Eb of the Investigated Compounds
(DCTMR and DCTM1-DCTM6) in eVa

compounds EL‑H Eopt Eb

DCTMR 2.129 1.706 0.423
DCTM1 1.600 1.946 −0.346
DCTM2 1.682 1.907 −0.225
DCTM3 1.802 2.136 −0.336
DCTM4 1.798 2.127 −0.329
DCTM5 1.778 2.141 −0.363
DCTM6 1.700 2.145 −0.445

aELH = ELUMO − EHOMO, Eopt = first singlet excitation energies and Eb
= exciton binding energy.

Figure 6. Molecular electrostatic potential surfaces of reference and designed compounds.
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compounds is created, whose robustness depends upon the
type of donor and acceptor moieties that are interconnected
via the π-network.18 The NLO property is correlated to the
calculated values elucidating the structural characteristics,
electronic response, linear polarizability (⟨α⟩), first hyper-
polarizability (βtot), and second hyperpolarizability (γtot),
which explain the band gap and molecular structure.40,74

Hence, to estimate how donor and acceptor moieties affected
the linear and nonlinear behaviors of DTCMR and DTCM1-
DTCM6, their ⟨α⟩, βtot, and γtot were computed and their

simulated values are displayed in Tables 6−9. The average
polarizability ⟨α⟩75 value is determined using eq 11.

= + +a 1/3( )xx yy zz (11)

(βtot)
76 and (γtot)77 are estimated with the help of eqs 12 and

13.

= + +( )x y ztot
2 2 2 1/2

(12)

where βx = βxxx + βxyy + βxzz, βy = βyyy + βxxy + βyzz, βz = βzzz +
βxxz + βyyz

= + +x y ztot
2 2 2

(13)

where = + + = { }i j x y z( ) , , ,i j ijji ijij iijj
1

15
The dipole moment is calculated by utilizing eq 14.

= + +( )x y z
2 2 2 1/2

(14)

The product of charge magnitudes and the distance between
them is called dipole moment (μ) and it is an essential feature
to determine the polarizability of organic compounds.78 Table
6 indicates the total calculated values of dipole moment (μtot)
along with the 3D tensors along the x-, y-, and z-axis.
All of the derivatives (DTCM1-DTCM6) demonstrated a

higher dipole moment (16.28−20.13 D) than that of the
reference compound (5.567 D). Among all of the investigated
compounds, the highest μtot value is observed for DTCM5
(20.13 D) due to the presence of five 1H-pyrrol polymeric
units that are a part of π2. The literature survey disclosed that
para-nitroaniline (p-NA) is used as a standard molecule for
comparative analysis in NLO study and the dipole moment for
p-NA is reported as 6.3 D.79 The μtot values of DTCMR and
DTCM1-DTCM6 are 0.883, 3.176, 2.897, 2.584, 2.989, 3.195,
and 2.954 times greater than those of p-NA, respectively. The
greater values of μtot for the designed compounds create
greater polarizability in them. In all of the investigated
molecules, the higher μtot values are observed along μx

(DTCM1 = −19.688, DTCM2 = 16.226, DTCM3 = 15.580,
DTCM4 = −16.998, DTCM5 = −19.958 and DTCM6 =
−16.110 D) except for DTCMR, which showed a greater value
along μy (−5.545 D), respectively.
Furthermore, linear polarizability of the investigated

compounds was also studied and all of the designed molecules
showed comparable values of ⟨α⟩ with DTCMR.
The results in Table 7 show that all of the entitled

compounds demonstrated higher ⟨α⟩ responses along the x-

axis (αxx), indicating that polarization occurred along the x-
axis. Overall, the ⟨α⟩ values of the entitled molecules decrease
in the following order: DTCM6 (3.456 × 10−22) > DTCM5
(3.308 × 10−22) > DTCMR (3.162 × 10−22) > DTCM4
(3.116 × 10−22) > DTCM3 (2.958 × 10−22) > DTCM2 (2.739
× 10−22), and DTCM1 (2.715 × 10−22 esu).
The improvement in hyperpolarizability values in DTCM1-

DTCM6 is associated with the delocalization of π-electrons
arising from the addition of π-bridges in the molecules. This
delocalization lowers the LUMO−HOMO band gap. As it is
revealed by the literature, the polarizability of compounds is
highly influenced by the LUMO/HOMO band gap; the lower
the band gap, the higher the polarizability amplitudes, and vice
versa. The βtot and its contributing tensor values are calculated
for the said functional and basis sets, and the results are
recorded in Table 8.
The βtot value of DTCMR is 0.8840 × 10−27 esu and all

designed derivatives indicated notable results (3.9060−7.0440
× 10−27 esu) than that of DTCMR due to the strong push−
pull architecture. Moreover, a systematic connection is noticed
between the βtot values and the molecular structures. The βtot
usually increases with the extended conjugation, which is
achieved by the introduction of π-spacers in the system, which
promotes the nonlinearity in the molecule. On the basis of the
above-mentioned results, the highest βtot is examined for
DTCM1, i.e., 7.0440 × 10−27 esu. The reason for this
enhancement might be the addition of the π-spacer unit (1H-
pyrrol) in the structure of DTCM1. Overall, the descending
order of βtot values of all of the mentioned molecules is as
follows: DTCM1 (7.0440 × 10−27) > DTCM6 (4.1040 ×
10−27) > DTCM3 (4.0880 × 10−27) > DTCM5 (4.0090 ×
10−27) > DTCM2 (3.9780 × 10−27) > DTCM4 (3.9060 ×
10−27) > DTCMR (0.8840 × 10−27 esu). Among the major
contributing tensor components, βxxx unveils highest values,
which produce a better ICT along the x-axis. A comparative
study is also carried out using p-NA as a standard molecule
(βtot = 9.6 × 10−30 esu).79 The βtot values calculated for
DTCMR and DTCM1-DTCM6 are 92.08, 757.42, 427.74,
439.57, 420.00, 431.08, and 431.61 times greater than that of
the standard molecule, respectively. This comparative analysis

Table 6. Total Dipole Moments (μ) and Their Major
Contributing Tensorsa

compounds μx μy μz μtot

DCTMR −0.495 −5.545 −0.018 5.567
DCTM1 −19.688 3.582 −0.215 20.012
DCTM2 16.226 8.316 −0.839 18.252
DCTM3 15.580 1.766 −4.393 16.284
DCTM4 −16.998 −7.502 3.090 18.835
DCTM5 −19.958 2.355 −1.243 20.135
DCTM6 −16.110 8.044 −4.717 18.614

aUnits in Debye (D).

Table 7. Major Contributing Tensors (× 10−22 esu) of
Linear Polarizabilities

compounds αxx αyy αzz ⟨α⟩ (× 10−22 esu)

DCTMR 6.733 2.099 0.653 3.162
DCTM1 5.178 2.283 0.683 2.715
DCTM2 4.589 2.918 0.710 2.739
DCTM3 5.882 2.152 0.841 2.958
DCTM4 6.372 2.098 0.877 3.116
DCTM5 6.765 2.246 0.912 3.308
DCTM6 6.988 2.308 0.107 3.456
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with p-NA revealed that all of the studied compounds
displayed excellent NLO behavior.
(γtot) is a fundamental aspect for the determination of NLO

properties.80 Among all of the designed derivatives, the highest
γtot value is also noted for DTCM1 (14.68 × 10−32 esu). The
decreasing order of γtot is as follows: DTCM6 (22.260 ×
10−34) > DTCM5 (5.148 × 10−34) > DTCM4 (3.348 × 10−34)
> DTCM3 (0.858 × 10−34) > DTCM2 (0.320 × 10−34) >
DTCM1 (0.063 × 10−34) > DTCMR (0.249 × 10−34). It can
be observed that DTCM6 exhibits the largest γx value of
22.260 × 10−34 esu among all of the investigated compounds
and shows more charge shifting along the x-axis (Table 9). In
conclusion, it has been examined that all of the designed
compounds are polarizable and have a lesser band gap than
DTCMR.

Additionally, we also did a comparative study between our
designed molecules and the data for Compound 581 and
DTPSD6,82 which have a similar structure to our designed
structures (see Table 10). Our findings revealed significant
improvements in both linear polarizability and second
hyperpolarizability values compared to Compound 5.
Specifically, the linear polarizability values of our derivatives

were observed to be 6.11, 5.25, 5.29, 5.72, 6.02, 6.40, and 6.68
times greater than those of Compound 5. Similarly, the second
hyperpolarizability values also showed improved results
ranging from 6.049 to 54.29 times greater than those of
compound 5. Likewise, significant NLO behavior was also
examined with DTPSD6; 1.65 to 1.80 times greater ⟨α⟩ and
0.885 to 7.06 times greater βtot response were investigated in
our compounds than that of DTPSD6.

■ CONCLUSIONS
To explore the effect of extended π-conjugation (1H-pyrrole)
on the nonlinear optical (NLO) properties, nonfullerene
(NF)-based benzotrithiophene compounds (DCTMR and
DCTM1-DCTM6) were designed. The effect of this structural
tailoring in all of the designed molecules has been proficiently
perceived for NLO response via DFT computations. The
outcomes revealed that addition of the 1H-pyrrole unit had an
encouraging impact on the D1-π1- D2-π2-A configuration and
improved all of the properties of the fabricated compounds as
compared to the reference molecule (DCTMR). The Eg of all
of the derivatives is observed to be less (1.600−2.129 eV) than
that of DCTMR along with a red shift. NBO findings revealed
that prolonged conjugation improved the ICT process in
chromophores. Additionally, GRP findings also explored a
higher value of softness with a greater value of ΔNmax and
smaller hardness in derivatives than that of DCTMR. These
GRP findings supported the greater polarizability and CT in
the fabricated chromophores; thus, magnificent NLO proper-
ties have been examined. Among all tailored chromophores,
the highest βtot and γtot were found for DTCM1 and DTCM6,
7.0440 × 10−27 and 22.260 × 10−34 esu, respectively. It can be
concluded that the incorporation of a polymeric unit (1H-
pyrrole) in the molecular framework of all of the derivative
molecules plays an important role in the fine-tuning of NLO
properties. This research work would provide a deep
understanding of the structure−property relationship with

Table 8. Calculated First Hyperpolarizability (βtot) along its Major Contributing Tensors (esu) of the Investigated Molecules

systems DCTMR × 10−27 DCTM1 × 10−27 DCTM2 × 10−27 DCTM3 × 10−27 DCTM4 × 10−27 DCTM5 × 10−27 DCTM6 × 10−27

βxxx 0.0227 −6.6990 3.270 3.800 −3.769 −3.883 −3.722
βxxy 0.8636 0.3908 0.5124 0.4327 0.0236 −0.1916 0.0195
βxyy 0.01155 −0.3369 0.6388 0.2524 −0.0811 −0.5261 −0.0912
βyyy 0.0193 0.0094 0.2272 0.0407 −0.0011 0.0016 0.0093
βxxz 0.0013 0.0020 −0.0010 −0.1543 0.3822 −0.4843 −0.9482
βyyz 0.0008 0.0047 −0.0010 −0.0176 0.0019 −0.0048 −0.0039
βxzz −0.0002 0.0039 −0.0002 0.0047 −0.0354 −0.0386 −0.1692
βyzz 0.0002 −0.0003 −0.0002 0.0009 0.0021 −0.0027 −0.0049
βzzz −0.0003 −0.0006 0.0009 0.0007 0.0024 −0.0035 −0.0397
βtot 0.8840 7.0440 3.9780 4.0880 3.9060 4.0090 4.1040

Table 9. Average Second Hyperpolarizability (γtot in esu)
and Its Major Contributing Tensor Components Noticed
for All Nominated Molecules

compounds γx × 10−32 γy × 10−33 γz × 10−34 γtot × 10−34

DCTMR 9.096 1.651 3.332 0.249
DCTM1 14.340 3.352 2.721 0.063
DCTM2 7.154 6.054 2.257 0.320
DCTM3 9.006 2.799 2.651 0.858
DCTM4 9.216 1.365 2.925 3.348
DCTM5 9.810 1.723 1.042 5.148
DCTM6 11.140 1.615 0.680 22.260

Table 10. Comparison between the NLO Properties of the Above-Mentioned Compounds with Literature Data

our designed compounds literature reported data

compounds ⟨α⟩ × 10−22 βtot × 10−27 γtot × 10−34 compounds ⟨α⟩ × 10−22 βtot × 10−27 γtot × 10−34 refs

DCTMR 3.162 0.884 0.249 compound 5 0.510 0.041 81
DCTM1 2.715 7.044 0.063 DTPSD6 1.92 0.998 82
DCTM2 2.739 3.978 0.320
DCTM3 2.958 4.088 0.858
DCTM4 3.116 3.906 3.348
DCTM5 3.308 4.009 5.148
DCTM6 3.456 4.104 22.260
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the electronic properties. This work may also motivate
experimental researchers to synthesize these compounds due
to their significant NLO properties.

■ COMPUTATIONAL DETAILS
For this study, all of the computations were executed in
chloroform utilizing the Gaussian 09 program.83 For visual-
ization and generating input data files, GaussView 6.0.1684

software was used. First, geometrical optimization of all of the
designed chromophores was accomplished at MPW1PW9185

level of DFT86 along with the 6-311G(d,p) basis set.87 Time-
dependent density functional theory (TD-DFT)88 is an
effective method in quantum chemistry to calculate the
excitation energies because of its efficient and accurate results.
Therefore, frontier molecular orbital (FMO) analysis, UV−vis
study, global reactivity (GR), hole−electron interaction,
density-of-states (DOS), and transition density matrix
(TDM) were also performed at the aforesaid functional and
basis sets by utilizing the TD-DFT approach. Other
investigations: NLO and natural bond orbital (NBO)
computations were achieved at the above-mentioned function
of DFT. Gauss Sum,89 Chem Craft 1.8,90 Avogadro,91

PyMOlyze 1.1,92 Origin Lab,93 GaussView 6.0.16,84 and
Multiwfn 3.894 software were utilized to interpret all of the
results from the output files.

■ ASSOCIATED CONTENT
Data Availability Statement
Cartesian coordinates, UV−vis data (wavelengths, excitation
energies and oscillator strengths), NBOs analysis, dipole
moments, linear polarizabilities with major contributing
tensors, the first hyperpolarizabilities (βtot) and second
hyperpolarizabilities (γtot) with their contributing tensors,
ChemDraw structures and their IUPAC names and optimized
geometries of the reported compounds were calculated using
MPW1PW91/6-311G(d,p) and represented in Supporting
data file.
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