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Currently, fullerene-free organic chromophores find widespread use in the endeavor to enhance the efficacy of
NLO materials. Considering the significance of NF organic systems, we fabricated a push-pull series of hetero-
cyclic organic compounds (DTPD1-DTPD8) from DTPR by molecular engineering with benzothiophene accep-

I];I;?e:glﬂarlzablllty tors at one terminal. Owing to the larger size, greater charge transference and higher polarizability nature of
FMOs Y selenophene than that of thiophene, the n-spacer was replaced with selenophene. The effect of selenophene

moiety and benzothiophene based acceptors on optical nonlinearity of DTPD1-DTPD8 was explored through
quantum chemical study. DFT approach at M06/6-311G(d,p) functional was employed in order to explore the
optoelectronic properties of designed chromophores. The FMOs findings disclosed a substantial reduction in
band gaps (2.107-3.057 eV) in derivatives than that of DTPR (3.12 eV). An effective charge transference from
donor to acceptor via spacer was observed in HOMO/LUMO which further supported by DOS and TDM heat
maps. GRPs findings revealed that all derivatives had higher softness (6 = 0.327-0.475 V') with lower hardness
(n = 1.04-1.53 eV) than that of DTPR which expressed the higher polarization in derivatives. Significant ad-
vancements in nonlinear optical (NLO) outcomes were obtained for all the derivatives as compared to reference
chromophore. Particularly, DTPD6 exhibited the efficient response [ <o> = 1.561x10722, B = 2.111x107%
esu] among all tailored chromophores owing to its unique characteristics such as reduced band gap (2.107 eV)
highest softness value (0.475 eV) with lowest hardness value at 1.04 eV. This structural modification by utilizing
selenophene n-spacer and benzothiophene acceptor played a protruding role in attaining promising NLO re-
sponses. Thus, this study tempted the experimentalists to synthesize the proposed NLO materials for the modern
optoelectronic high-tech applications.

1. Introduction

Non-linear optical (NLO) materials are emerging as a cornerstone in
the evolution of information materials, owing to their unique informa-
tion processing attributes and ultra-swift responsiveness, thereby
significantly extending the laser’s spectral range [1-5]. NLO materials
have a broad range of applications, encompassing fields such as, bio-
logical imaging, lasers, photoelectric switches, spectrum analysis,
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environmental monitoring and various other scientific disciplines [6-9].
The search for innovative NLO compounds has historically relied on
chemical synthesis, prompting extensive research endeavors aimed at
creating more efficient materials. Presently, quantum chemistry has
advanced to a level where its theoretical accuracy can substantially
contribute to predicting the performance of newly designed NLO com-
pounds and the enhancements achievable through chemical modifica-
tions or controlled strategies for traditional materials [10-12]. The
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evolution of society and the increasing demand for communication are
acting as catalysts for advancing the research and development of NLO
materials [13]. Optoelectronic [14] systems have predominantly
employed inorganic crystals as their nonlinear optical (NLO) counter-
parts. Ongoing scientific endeavors are focused on the exploration of
novel crystals [15-17] with enhanced NLO properties [18].

In recent decades, extensive research efforts have been dedicated to
investigating bulk materials which possess efficient NLO characteristics.
This exploration encompasses a wide range of materials, including
organometallic [19], inorganic [20], organic-inorganic hybrids [20,21]
and purely organic materials [22]. Each category of material possesses
distinctive characteristics, but organic NLO substances have demon-
strated superior efficacy in contemporary solar cell applications. This is
primarily attributed to their exceptional flexibility and low relative
permittivity, facilitating robust modifications. Additionally, they are
deemed efficient NLO materials owing to their capacity to withstand
high damage thresholds, cost-effectiveness and reasonably high photo-
electric coefficients [23,24]. Among the various categories of NLO ma-
terials, fullerene acceptor molecules exhibit substantial nonlinear
properties [25]. However, fullerene-based compounds have certain
disadvantages, including their restricted photostability and reduced
ability to absorb light in the visible spectrum [26,27]. Recently, non-
fullerene compounds have gained prominence in NLO materials. They
offer cost-effectiveness, strong light absorption, versatility in synthesis
and low toxicity [28].

Researchers commonly employ a fundamental design strategy
involving the incorporation of robust donor (D) and acceptor (A) groups
at opposite ends of a n-conjugated bridge. This configuration leads to
development of high degree of polarizable molecules, which exhibit
substantial NLO properties. In the previous twenty years, researchers
have explored various n-conjugated bridges to assess their impact not
only on NLO response but also on factors like photochemical durability,
thermal stability and solubility [29,30].The scientific literature de-
scribes a range of structural configurations, including D-A, D-1-A, D--A-
n-D, A-n-D-n-A, D-n-n-A, D-A-n-A, and D-D-n-A [31,32]. Moreover, in-
vestigations based on both experimental and theoretical outcomes have
revealed that the incorporation of potent donor (D), acceptor (A) and
n-spacer groups can enhance NLO response [33]. This is called push-pull
system. The HOMO-LUMO band gap, closely tied to the push—pull
mechanism [34], narrows when a system comprises highly electroneg-
ative groups connected to electron-rich groups through z-spacers. This
reduction in Eg,, directly influences intramolecular charge transfer
(ICT), enhancing the potential for designing superior NLO compounds
[35].

The enhancement of NLO responses in compounds demonstrating
substantial charge transfer can be achieved by extending the conjuga-
tion length and reinforcing the potency of donor/acceptor groups [36].
However, the expansion of the © -conjugated system and the intensifi-
cation of electron-donor and electron-acceptor groups lead to a bath-
ochromic shift. Furthermore, multiple research groups have
documented the n-spacer segments, which consist of selenophenes,
thiophenes, and benzothiadiazides [37]. According to literature sources,
the decreased aromaticity of selenophene in comparison to thiophene
contributes to a reduced band-gap energy, an increased effective
conjugation length, and improved planarity. Additionally, materials
based on selenophene exhibit enhanced conductivity and charge
mobility due to larger n-overlap, leading to greater n-orbitals from Se
atoms and intermolecular Se-Se interactions. Furthermore, the larger
size and lower electronegativity of Se compared to the chalcogenophene
homolog of S result in selenophene-based polymers being more effective
in broadening the absorption spectrum, particularly towards the
infrared region. Based on the literature, it has been noted that the
incorporation of selenophene units and benzothiophene acceptors can
decrease the LUMO level while keeping the HOMO level constant. This
modification has shown to significantly enhance the NLO properties of
NF based compounds. Benzothiophene acceptors are valued in NLO
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applications for their extended conjugation aiding charge transfer,
electron-accepting properties within D-n-A designs, structural impact on
donor-acceptor separation, the potential for tailoring NLO properties,
and their overall contribution to enhanced nonlinear optical responses
in various applications.

In this study, we utilized TATCN [38] as a parent compound and
modified it into a reference compound named as DTPR. In light of the
prior research, we have designed a set of NF-based compounds labeled
as DTPD1-DTPD8. These compounds were created by modifying DTPR
through structural changes, involving altering the thiophene spacer
group with selenophene and then the substitution of one donor
(diphenylamine) with diverse strong electron-withdrawing acceptor
moieties. The objective of our research is to establish a pronounced
push-pull configuration [39,40]. Moreover, the DFT [41]-based NLO
investigations of DTPD1-DTPD8 have not been previously documented.
To address this research gap, we utilized computational methods to
scrutinize the NLO properties of these compounds. Our computational
analyses encompassed parameters such as maximum absorbed wave-
length (Amax), NBO, FMO, GRP, fiotal and yioral for both the reference
compound and its derivatives (DTPD1-DTPDS8). It is our optimistic
expectation that these designed compounds hold significant potential
for enhancing NLO material performance.

2. Computational procedure

To analyze the key electronic structures, and NLO properties of
fullerene free designed chromophores (DTPD1-DTPDS8), the density
functional theory (DFT [42]) and time-dependent DFT [43](TD-DFT)
computations were applied. The optimization of molecular geometries
in their ground state (Sp) was carried out without imposing symmetry
restrictions. All computational calculations were executed using the
Gaussian 09 program package [44] by utilizing the M06 functional [45]
and 6-311G(d,p) basis set. The frontier molecular orbitals (FMOs) dia-
grams were generated with the assistance of Avogadro software [46].
This software facilitated the visualization of the highest occupied and
lowest unoccupied molecular orbitals, as well as their corresponding
energy levels. Additionally, global reactivity descriptors such as elec-
tronegativity (X), electron affinity (A), ionization potential (I), global
electrophilicity index (@), global softness (), chemical potential () and
global hardness (i7) were calculated based on the energy gap between the
HOMO and LUMO. An integral part of this scientific investigation
involved the natural bond orbitals (NBOs) study, conducted using the
NBO software package version 3.1 [47,48] in order to determine the
stabilization patterns of the compounds under study. The density of
states (DOS) analysis was conducted to assess the charge density of the
designed compounds, employing the PyMOlyze 2.0 program [49]. The
UV-Vis spectral analysis was accomplished using the TD-DFT method at
the above mentioned level in dichloromethane, facilitated by the Origin
[50] and Gauss Sum [49] software. Utilizing the previously stated
functional, an assessment of the NLO properties for the specified chro-
mophores was conducted. The determination of dipole moment (p),
average polarizability <a>, first hyperpolarizability (ftotal), and second
hyperpolarizability (yiota1) values involved the use of Equations 1-4 [51-
54].

(a) =1/3(0ex +ayy +az) (1)

Protal = (B2 + By + PV (2)

Where, ﬁx:ﬁxxx""ﬁxyy“"/szz; ﬂyzﬁyyy""ﬁxxy“‘ﬂyzza /jz:ﬁzzz+ﬁxxz+ﬂyyz

Y total = \/YJZ(JF}’}%JF}’% 3

Where,y; = 1t > (Vi + Vg + Vi)

p= Gt 1Pyt 1)V ()

A comprehensive set of 10 hyperpolarizability tensors, including
Brxxs Bxyy; Bxzzs ﬁyyy, Bxxy» ﬁyzz: Bzzzs Pxxzs Byyz; and ﬁxyz: were obtained as
outputs from the Gaussian file, corresponding to the x, y and z
directions.

Lj = {xy 2z}
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3. Results and discussion

This study uses computational analysis to assess non-fullerene
compounds for their suitability as efficient NLO materials. The com-
pound (TATCN) [38], named as DTPR in this research, is taken as a
reference compound with D-n-A-n-D configuration. In DTPR, thiophene
[55] is replaced with the selenophene group (n-spacer) to produce
DTPD1 (first derivative) which also possess the same configuration as
DTPR. As selenophene have higher polarizability, smaller energy band
gaps and enhanced n electron conjugation making them more suitable
for designing NLO materials with specific characteristics. The D-n-A;-
n-A configuration is established in the second derivative (DTPD2) by
replacing a terminal donor with conjugated acceptor in DTPD1. How-
ever, in case of DTPD3-DTPDS, acceptor 1, which initially contained a
cyano group, was modified by removing the cyano group due to its
tendency to trap charges. The remaining portion of acceptor 1 was then
incorporated into the spacer. So, rest of the six derivatives (DTPD3-
DTPD8) possess only one acceptor end i.e., D-n-A framework. Within
this scheme, the donor (diphenylamine) [56] and the n-spacer i.e., 2,5-di
(selenophen-2-yl) terephthalonitrile remain unchanged, while various
derivatives are employed as the terminal acceptors. In this study, we
analyze the HOMO and LUMO bandgap, <a>, Botal and yiotal Of various
acceptors. Fig. 1 provides an overview of the designed derivatives
(DTPD1-DTPD8). Furthermore, Fig. 2 and S3 display the chemical
structures and optimized configurations of the reference compound as
well as the DTPD1-DTPD8 derivatives. The comparative analysis be-
tween DFT and Experimental values of band length and bond angles was
illustrated in Tables S44-S53. The cartesian coordinates of entitled
chromophores were shown in Tables S1-S9.

3.1. Frontier molecular Orbitals

Frontier Molecular Orbitals (FMOs) play a pivotal role in the analysis
of the intramolecular charge transfer (ICT) and optical properties of
investigated organic molecules (DTPR and DTPD1-DTPDS8) [57].
Quantum orbitals are referred to as the highest occupied molecular
orbital (HOMOs) and the lowest unoccupied molecular orbital (LUMOs)
reveal the efficiency of charge transfer within a molecule, typically from
higher to lower energy levels [58]. HOMO functions as the electron
source orbital, while LUMO, residing at a lower energy state, operates as
the electron recipient molecular orbital [59]. The energy gap (Egap)
between these FMOs is a valuable indicator for assessing the chemical
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reactivity and dynamic stability of a material [60-62]. Molecules
exhibiting a broader Eg,, are generally regarded as more stable, less
reactive and chemically hard nature. In contrast, molecules featuring a
narrower Eg,, are frequently viewed as less stable, highly reactive and
soft in chemical nature, displaying increased polarizability and an
exceptional NLO response [63,64].

In this study, we calculated the Eg,j, of the analyzed compounds using
TD-DFT methodology with the help of M06/6-311G(d,p) level and the
findings are detailed in the Table 1. Additionally, the energies differ-
ences of HOMO-1 and LUMO + 1 as well as HOMO -2 and LUMO +2 are
provided in Table S10.

The HOMO/LUMO energy levels for DTPR are determined to be
-5.588 and -2.468 eV, respectively, resulting in an Eg,, value of 3.12 eV.
In the case of DTPD1-DTPD8, the HOMO energy levels are found to be
as -5.497, -5.748, -5.586, -5.590, -5.645, -5.701, -5621 and -5.646 eV
respectively. Similarly, their associated LUMOs energy values are
documented as follows: -2.440, -3.231, -3.182, -3.444, -3.430, -3.594,
-3.248 and -3.399 eV, respectively. Furthermore, their corresponding
Egap values are 3.057, 2.517, 2.404, 2.146, 2.215, 2.107, 2.373 and
2.247 eV, respectively. In contrast to DTPR, all the other derivatives
show a smaller Eg,p, ranging from 2.107 to 3.057 eV which can be
ascribed to the existence of strong electron-accepting substituents in
their structure. Among all the chromophores, DTPD6 showed the
smallest Eg,p (2.107 eV) due to the presence of sulphonic acid (-SO3H)
group which is highly electron-withdrawing in nature and can pull the
electron density away from the surrounding atoms in a molecule. While,
the widest band gap is shown by DTPD1 (3.017 eV) as it not contains any
electron accepting group in its structure. In remaining molecules,
DTPD2 possessed the reduced band gap than DTPD1 (2.517<3.017 eV)
due to the presence of floro (-F) group. Further, the band gap is reduced
in case of DTPD3 as compared to DTPD1 due to removal of cyano group
and replacement of floro group with chloro group in DTP3 compound
(2.404 eV). For DTPDS, which includes a cyano (-CN) group attached to
the benzene ring and a malononitrile group on the thiophene ring, an
increased band gap of 2.247 eV has been detected as compared to
DTPD5 which has nitro groups (-NO3) on the terminal acceptor ie.,
2.215 eV. DPTD7 showed the reduced band gap than almost all de-
rivatives except DTPD6 due to the presence of acetate group in its
structure which is more electronegative than carbon and exerts a strong
electron-withdrawing effect on the benzene ring. In general, the energy
gap trend is summarized as follows: DTPD6 < DTPD4 < DTPD5 <
DTPD8 < DTPD7 < DTPD3 < DTPD2 < DTPD1 < DTPR.

Fig. 1. Schematic representation of the investigated compounds.
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DTPD1 DTPD2

DTPD3 DTPD4

DTPD7 DTPDS

Q O Q

Acceptor 7 -Spacer Donor

Fig. 2. The chemical structures of reference (DTPR) and designed compounds (DTPD1-DTPD8)
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Table 1 The FMOs counter surface diagrams are illustrated in the Fig. 3
The frontier molecular orbital energies of DTPR and DTPD1-DTPD8. which clearly show the density of electrons in the form of clouds over
Compounds Enomo Eromo Band Gap different areas of the molecules. The reference compound (DTPR) shows
different trend of electronic distribution due to its unique configuration

DTPR -5.588 -2.468 3.12 . . . . o
DTPD1 -5.497 -2.440 3.057 and its HOMO is completely covered with electronic clouds. While, in
DTPD2 -5.748 -3.231 2.517 case of its LUMO, the electronic clouds are majorly concentrated in the
DTPD3 -5.586 -3.182 2.404 central region containing acceptor and spacers (see Fig. 3). Whereas, in
DTPD4 -5.590 -3.444 2.146 derivatives (DTPD2-DTPD8), the HOMOs show electron density on their

DTPD5 5645 3430 2215 donor regions and partially over the =- r. In f LUMOs, th
DTPD6 5701 3504 2107 onor regions and partially over the n-spacer. In case o s, the
DTPD7 5.621 3.248 2.373 acceptor part especially malonitrile over thiophene rings show promi-
DTPDS -5.646 -3.399 2.247 nent electronic clouds and also some of the charge is located on the

Band gap = Erymo—Enomo, units in eV. Spacer region. . .
The phenomena of charge transference can be depicted easily from
HOMOs LUMOs

DTPR

DTPD2

DTPD3

Fig. 3. HOMOs and LUMOs of the examined molecules (DTPR and DTPD1-DTPDS).
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DTPD4

DTPD5

¢

DTPD6

DTPD7

DTPDS8

Fig. 3. (continued).

the energy values and FMOs diagram which help to predict the most 3.2. Global Reactivity Parameters

suitable NLO design. The molecule (DTPD4) shows the lowest energy

gap due to which it might be regarded as best NLO chromophore in the Utilizing the band gap alongside HOMO and LUMO energy levels

present computational simulation. allows us to assess reactivity and stability of entitled compounds, aiding
in the prediction of their global reactivity parameters [32,65]. These
include electronegativity (X) [66], ionization potential (IP) [67], global
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softness (0) [68], electron affnity (EA) [69], global hardness () [70],
electrophilicity index (w) [71] and chemical potential (x) [72]. Koop-
man’s theorem [73] was employed to establish these descriptors which
are calculated according to the Equations 5-11.

]P = - EHOMO (5)
EA = _ELUMO (6)
1P+ EA] o)
2

n=1IP— EA (8)

E +E
/4 _ HOMO2 LUMO (9)
c=- (10)

n

ﬂZ
_K 11

® o an

The ability of a compound to absorb the more electrical charge from
its environment is denoted by ANpax [74] and is calculated by the
Equation 12.

ANmax = -/ (12)

It has been observed that the compound’s stability is directly affected
by its hardness (1), whereas its reactivity is directly associated with its
softness (¢). Compounds with high global hardness are stable and less
reactive, while those with high global softness are more reactive and less
stable. Table 2 illustrates that reference compound (DTPR) has the
highest hardness value (y = 1.56 eV) as compared to its derivatives.
Similarly, it possesses the lowest global softness value (¢ = 0.321 eV),
suggesting its higher stability and reduced reactivity. These character-
istics resulted in a weaker NLO response for DTPR. Conversely, the
designed compounds demonstrate lower hardness values (ranging from
n = 1.04 to 1.53 eV) and global softness (ranging from (¢ = 0.327 to
0.475 eV) in comparison to the DTPR. Among all the designed com-
pounds, DTPD6 is particularly notable for its smaller band gap of 2.107
eV, along with the highest softness value of 0.475 eV and the least
hardness value of 1.04 eV, as specified in the Table 2. The softness values
are arranged in decreasing order as follows: DTPD6 > DTPD4 > DTPD5
> DTPD8 > DTPD7 > DTPD3 > DTPD2 > DTPD1 > DTPR. The
elevated softness values signify high reactivity and polarizability, which
ultimately contribute to significant NLO behavior.

3.3. Natural Bond Orbital Analysis

To elucidate the nucleophilic and electrophilic hyper-conjugative
interactions, along with other bonding interactions [75] and the elec-
tronic transition mechanisms, the NBO analysis stands out as the most
precise and dependable technique [63]. It is a highly significant tool for
analyzing charge transfer interactions between vacant and occupied
molecular orbitals [49,76]. In D-n-A systems, it is frequently postulated
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that the electron-donating segment plays a primary role in charge
transfer towards the electron-accepting segment. Thus, to elucidate the
charge transfer phenomena within our designed compounds (DTPD1-
DTPDS8), we conducted NBO analysis on the optimized structures of
DTPD1-DTPDS8 using the M06/6-311G(d,p) method. To assess reactions
involving the delocalization, a second-order perturbation approach is
utilized. Stabilization energy E® for each donor (i) to acceptor (j)
transition, denoting the i — j delocalization, is calculated using the
Equation (13).

2
g — g, ) as)
& — €&

In this Equation, the stabilization energy, denoted as E(Z), relies on E;

and Ej, which are the diagonal elements of orbital energies. Additionally,
q; represents the occupancy of the donor orbital, while F;; signifies the
Fock matrix element between the natural bonding orbitals throughout
the molecular structure [65]. The significant transitions involve: ¢ — 6%,
n — 1%, LP - ¢* and LP — 7*. In case of n-conjugated systems like our
designed derivatives, the 1 — n* transitions are deemed the most pivotal
for such organic NLO materials. Conversely, other types of allowed
transitions, such as ¢ — ¢*, are relatively weaker due to less pronounced
interactions between the electron-rich donor and electron-deficient
acceptor components. The primary values associated with these transi-
tions are provided in the Table 3, while a more comprehensive analysis
can be found in the supplementary information section
(Tables S11-S19).

The highest 1 — 7* transition in case of DTPR is 23.74 kcal mol ™,
which corresponds to 1(C28-C30) — n*(C24-C26). Conversely, the 1 —
n* transitions for the same compound are n1(C45-C47) — n*(C11-C13) i.
e., 0.65 kcal mol L. In addition, the 6 — ¢* transition shows its maximum
value with a stabilization energy of 8.54 kcal mol~! for 6(C5-C67) — o*
(C67-N68), while the minimum value for this transition occurs in 6(C9-
C10) —» 6*(C13-N21) i.e., 0.61 kcal mol L. Furthermore, the LP2 — 7*
transition exhibits its highest energy of stabilization, reaching 25.87 kcal
mol’l, attributed to LP2(S71) — n*(C11-C13). Conversely, the highest
value for LP1— o* transition is 12.45 kcal mol ! , seen in LP1(N68) — ¢*
(C5-C67).

In molecules DTPD1-DTPD8, we observed favourable transitions
with the highest stabilization energies. These transitions, namely ©(C59-
C63) — n*(C58-C61), n(C4-C5) — =n*(C1-C6), n(C11-C13) — n*(C46-
C48), n(C4-C5) —» n*(C1-C6), n(C11-C13) — 1*(C46-C48), n(C11-C13)
— 1*(C46-C48), 1(C11-C13) — 1*(C46-C48), and n(C11-C13) — n*(C46-
C48) exhibit substantial values of 23.51, 24.46, 26.38, 25.42, 28.4, 29.1,
26.79, and 28.18 kcal mol!, respectively. These results strongly indicate
the presence of conjugation in the tailored compounds.

Conversely, the transitions involving n(C45-C47) — n*(C11-C13),
n1(C45-C47) — n*(C11-C13), n(C58-C60) — n*(C58-C60), n(C9-C10) —
71*(C9-C10), n(C49-C64) — 7*(C65-N66), n(C22-C24) — 7n*(C17-C19),
1(C33-C34) - n*(C22-C24), n(C52-C53) — 1*(C56-N57), and n(C9-C10)
— 1*(C46-C48) are characterized by the lowest stabilization energies,
measuring 0.65, 0.5, 0.56, 0.5, 0.67, 0.51, 0.52, and 0.67 kcal mol,
respectively.

Table 2

Global reactivity parameters for the investigated compounds (DTPR and DTPD1-DTPDS8).
Compound X " n c ] LP EA ANpmax
DTPR 4.028 -4.028 1.56 0.321 5.200 5.588 2.468 -2.582
DTPD1 3.969 -3.969 1.53 0.327 5.152 5.497 2.44 -2.596
DTPD2 4.490 -4.490 1.26 0.397 8.008 5.748 3.231 -3.563
DTPD3 4.384 -4.384 1.20 0.416 7.995 5.586 3.182 -3.653
DTPD4 4.517 -4.517 1.07 0.466 9.507 5.59 3.444 -4.210
DTPD5 4.538 -4.538 1.11 0.451 9.295 5.645 3.43 -4.088
DTPD6 4.647 -4.647 1.04 0.475 10.25 5.701 3.594 -4.468
DTPD7 4.435 -4.435 1.18 0.421 8.287 5.621 3.248 -3.758
DTPD9 4.522 -4.522 1.12 0.445 9.102 5.646 3.399 -4.038

Units are in eV.
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Table 3
Natural bond orbital (NBOs) analysis of DTPR and DTPD1-DTPD8 compounds.
Compound Donor(i) Type Acceptor(j) Type E@ [kcal/mol] Eg)-Eyla.ul Fjla.ul
DTPR C28-C30 m C24-C26 fid 23.74 0.3 0.075
C45-C47 T Cl11-C13 * 0.65 0.28 0.012
C5-C67 c C67-N68 c* 8.54 1.61 0.105
C9-C10 [ C13-N21 c* 0.61 1.18 0.024
S71 LP(2) Cl11-C13 * 25.87 0.27 0.075
N68 LP(1) C5-C67 c* 12.45 1.04 0.102
C59-C63 n C58-Co61 ¥ 23.51 0.3 0.075
C45-C47 m C11-C13 w* 0.65 0.28 0.012
DTPD1 C5-C67 c C67-N68 o* 8.54 1.61 0.105
C15-Se72 c Cl6-C17 o* 0.54 1.17 0.023
N21 LP(1) C11-C13 w* 28.35 0.29 0.083
N70 LP(1) C2-C69 o* 12.46 1.05 0.102
C4-C5 n C1-C6 ¥ 24.46 0.3 0.077
C58-C60 n C58-C60 w* 0.5 0.28 0.011
DTPD2 C5-C70 [ C70-N71 o* 8.57 1.61 0.105
C56-N57 c C50-C51 o* 0.5 1.64 0.026
N19 LP(1) C15-C17 ¥ 38.52 0.29 0.097
052 LP(2) C47-C48 o* 21.36 0.75 0.114
C11-C13 .1 C46-C48 * 26.38 0.31 0.081
C9-C10 n C9-C10 0.56 0.3 0.012
DTPD3 C53-C56 [ C56-N57 o* 8.42 1.61 0.105
§55-C62 c C65-H67 o* 0.5 1.07 0.021
S55 LP(2) C50-C51 * 29.48 0.27 0.081
054 LP(2) C49-C50 * 21.52 0.74 0.114
C4-C5 T C1-Co6 T 25.42 0.29 0.077
C49-C64 n C65-N66 * 0.5 0.42 0.014
DTPD4 C46-H47 c C48-C49 c* 9.41 1.01 0.087
C9-Se44 c C10-C11 o* 0.51 1.2 0.022
S53 LP(2) C50-C51 w* 27.1 0.28 0.078
069 LP(2) C48-C52 c* 22.24 0.71 0.114
C11-C13 m C46-C48 * 28.4 0.31 0.084
C22-C24 T C17-C19 T 0.67 0.29 0.012
DTPD5 C53-C56 c C56-N57 c* 8.45 1.61 0.105
C46-C48 c C11-C13 c* 0.5 1.33 0.023
071 LP(3) 070-N74 T 161.42 0.18 0.154
N21 LP(1) C17-C19 c* 22.27 0.87 0.043
C11-C13 n C46-C48 n* 29.1 0.3 0.084
C33-C34 m C22-C24 w* 0.51 0.3 0.011
DTPD6 C53-C56 [ C56-N57 o* 8.98 1.63 0.109
C46-C48 c C63-S70 c* 0.5 1.18 0.023
S55 LP(2) C50-C51 * 29.28 0.27 0.081
054 LP(2) C49-C50 o* 22.52 0.73 0.116
C11-C13 n C46-C48 ¥ 26.79 0.31 0.082
C52-C53 m C56-N57 w* 0.52 0.41 0.014
DTPD7 C53-C56 [ C56-N57 o* 8.54 1.62 0.105
§55-C62 c C62-C65 c* 0.5 1.26 0.023
074 LP(2) C71-073 ¥ 49.43 0.37 0.122
073 LP(2) C71-074 o* 34.16 0.67 0.137
C11-C13 n C46-C48 T 28.18 0.31 0.083
C9-C10 n C9-C10 0.67 0.3 0.013
DTPD8 C66-C72 [ C72-N73 o* 8.97 1.62 0.108
C46-C48 c C11-C13 o* 0.51 1.33 0.023
S55 LP(2) C50-C51 ¥ 29.27 0.27 0.081
054 LP(2) C49-C50 c* 22.08 0.73 0.115

In the case of 6 — ¢* transitions, such as 6(C5-C67) — ¢*(C67-N68),
6(C5-C70) — 6*(C70-N71), 6(C53-C56) — 06*(C56-N57), 6(C46-H47) —
6%(C48-C49), 6(C53-C56) — 6*(C56-N57), 6(C53-C56) — 6*(C56-N57),
6(C53-C56) — 0*(C56-N57), and o¢(C66-C72) — o¢*(C72-N73), we
observe higher stabilization energies, with values of 8.54, 8.57, 8.42,
9.41, 8.45, 8.98, 8.54, and 8.97 kcal mol! for DTPD1-DTPDS, respec-
tively. Conversely, the transitions associated with the lowest energy
values in 6 — ¢* transitions are as follows: 6(C15-Se72) — ¢*(C16-C17)
at 0.54 kcal mol?!, 6(C56-N57) — ¢*(C50-C51) at 0.5 kcal mol?,
6(855-C62) — 6*(C65-H67) at 0.5 kcal mol‘l, 6(C9-Se44) — ¢*(C10-
C11) at 0.51 kcal mol!, 6(C46-C48) — ¢*(C11-C13) at 0.5 kcal mol?,
6(C46-C48) — 6*(C63-570) at 0.5 kcal mol !, 6(S55-C62) — 6*(C62-C65)
at 0.5 kcal mol”, and 6(C46-C48) — 6*(C11-C13) at 0.51 kcal mol’’, all
for DTPD1-DTPDS, respectively.

Furthermore, in the context of resonance, we observe transitions like
LP1(N21) —» n*(C11-C13), LP1(N19) - n*(C15-C17), LP2(S55) — =*

(C50-C51), LP2(S53) — n*(C50-C51), LP3(071) — n*(070-N74), LP2
(S55) — ©*(C50-C51), LP2(074) — n*(C71-073), and LP2(S55) — =*
(C50-C51). These transitions are characterized by stabilization energies
of 28.35, 38.52, 29.48, 27.1, 161.42, 29.28, 49.43, and 29.27 kcal mol’
Tin DTPD1-DTPDS, respectively. We also observe additional lone pair
transitions, including LP1(N70) - ¢*(C2-C69), LP2(052) — ¢*(C47-
C48), LP2(054) - 6*(C49-C50), LP2(069) — 6*(C48-C52), LP1(N21) —
6*(C17-C19), LP2(054) - 6*(C49-C50), LP2(073) - 6*(C71-074), and
LP2(054) — 6*(C49-C50). These transitions exhibit major stabilization
energies of 12.46, 21.36, 21.52, 22.24, 22.27, 22.52, 34.16, and 22.08
kcal mol’?, respectively.

Additionally, the findings highlight the substantial contribution of
delocalized n-electrons within the C-C bonding [77] orbitals to both the
stabilization and overall structural configuration of the compounds.
Consequently, the extended hyperconjugation observed in these chro-
mophores plays a pivotal role in the stabilization of these compounds,
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significantly amplifying their NLO response. 3.4. Density of states

Density of states plots are employed to elucidate the findings derived
from FMO analysis when exploring impact of acceptor groups in the

Fig. 4. DOS plots for DTPR and DTPD1 to DTPDS.
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Fig. 4. (continued).

designed molecules [78] (DTPR and DTPD1-DTPD8). The analysis of
DOS can unveil the electron density distribution from the HOMOs,
known for their strong electron-donating characteristics, to the LUMOs,
which are recognized for their pronounced electron-accepting attributes
[79]. The graph depicted in the Fig. 4 illustrates that on the x-axis,
negative values correspond to the valence band (HOMO), whereas
positive values represent the conduction band (LUMO). The energy gap
is the measure of the separation distance between the HOMO and LUMO.
In the context of DOS analysis, we divided our compound (DTPD1) into
three segments namely donor, spacer, acceptor. While, DTPD2 is frag-
mented into four regions as donor, spacer, acceptor 1 and acceptor 2 and
other derivatives (DTPD3-DTPDS8) into three distinct segments, namely
acceptor, spacer and donor. The electronic distribution pattern exhibi-
ted by the donor, spacer and acceptor in DTPD1 46.6, 43.4, 10.0% to
HOMO and 3.6, 21.4, 75.0% to LUMO. In DTPD2, the electronic
dispersion pattern contributes 40.4, 45.4, 12.0, 2.2% towards HOMO
and 0.8, 25.7, 14.2, 59.4% towards LUMO by donor, spacer, acceptor 1
and acceptor 2 respectively.

The acceptors exhibited a distribution pattern of electronic charge
for DTPD3-DTPDS as follows: 44.6, 47.0, 44.5, 46.0, 46.9 and 44.9 % of
the charge was directed towards the HOMOs, while 0.3, 0.1, 0.3, 0.2, 0.2

10

and 0.1 % was assigned to the LUMOs, respectively. The n-linker donates
52.5, 50.6, 52.6, 51.1, 50.6 and 52.3 % to HOMOs and 19.7, 11.6, 19.1,
12.9,15.6 and 10.2 % to LUMOs and acceptor accounts 2.9, 2.4, 2.9, 2.8,
2.5 and 2.8 % for HOMOs and 80.1, 88.3, 80.6, 86.9, 84.2 and 89.6% for
LUMOs in DTPD3-DTPD8 respectively. Additionally, the FMOs analysis
of the examined compounds demonstrated that, for all of them, the
HOMO exhibited substantial electron density localized on the spacer and
donor. When examining the LUMO, it’s notable that the electron density
primarily resides on the acceptor 2 in the case of DTPD2, as it contains
two acceptors. For all the remaining compounds, the electron density is
predominantly concentrated on the acceptor 9 Fig. 4). The DOS analysis
of DTPR and its derivatives (DTPD1-DTPDS8) indicates efficient electron
transfer from donor groups to acceptors through the n-bridge, enhancing
the push-and-pull mechanism.

3.5. Transition density matrix (TDM) and binding energy (Ep) analysis

TDM analysis plays a crucial role in investigating how charge is
transferred and the mode of interaction among acceptor, donor and
n-spacer fragments in all the investigated compounds [80]. Moreover, it
is a useful method for quantifying changes in charge distribution upon
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excitation, characterizing the degree of electron-hole pair confinement This analysis visually illustrates the interactions [83] between the donor
or dispersal and unraveling the interplay between entities which accept and acceptor using three-dimensional plots which incorporate a wide
electrons and those which donate electrons in an excited state [81,82]. range of colors for clear representation [84]. In this study, the influence
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Fig. 5. TDM plots illustration for DTPR and DTPD1-DTPDS.
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Fig. 5. (continued).

of hydrogen (H) atom is disregarded because of its minimal contribution
to the transitions. Figure 5 showcases the TDM results for both the
reference compounds and their derivatives analyzed in this study.
Taking into account the electronic charge transfer, we divided the
compounds we examined in three segments: donor, zn-spacer and
acceptor. In Figure 5, it is observed that molecules with distinct frag-
ments are positioned along the bottom and left sides, while electron
density is indicated on the right y-axis. TDM images, validate that
electrons undergo efficient transfer from the n-spacer to the acceptor,
thereby enabling unrestricted electron flow throughout the molecule.
The findings from the TDM heat maps indicate a distinct spatial segre-

between HOMO and LUMO and E, represents the first excitation en-
ergy [85]. The computed binding energy results are presented in the
Table 4.

Table 4 demonstrates that entitled compounds have binding energies
ranging from 1.142 to 2.295 eV, all of which are less than DTPR (2.389
eV). The observed values could be a result of the configuration changes

Table 4
Computed excitation binding energy (E},) of the entitled chromophores (DTPR
and DTPD1-DTPDS).

gation in the excited transition state, which holds significant importance Compounds Ent Eopt Ep
for development of nonlinear optical materials. DTPR 3.12 0.731 2.389
The difference between electrical and optical band gap energies is DTPD1 3.057 0.762 2.295
K bindi (E»), a key factor i luatine the NLO f DTPD2 2.517 1.170 1.347
nown as binding energy (Eb), a key factor in evaluating the ea- DIPD3 2.404 0.845 1559
tures of designed compounds. The Equation (14) is utilized to calculate DTPD4 2.146 0.916 1.230
the E}, of both the reference and engineered chromophores. DTPD5 2.215 1.073 1.142
DTPD6 2.107 0.585 1.522
By =En—E,, as DTPD7 2.373 0.949 1.424
DTPD8 2.247 0.983 1.264

Here, the E}, represents the binding energy, Ej,_y refers to the band gap Units are in eV.

12
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that create a robust push-pull orientation. DTPD1 exhibits the highest
binding energy (Ep) value at 2.295 eV, which is very close to that of the
reference molecule. This similarity is noteworthy because DTPD1 lacks
any acceptor or electron-withdrawing groups in its structure. The
reduced binding energy, coupled with smaller first excitation energy and
energy gap values, promotes more efficient exciton dissociation and
notably higher charge mobility, resulting in enhanced optoelectronic
[86,87] properties. The general decreasing order of binding energies for
both the reference and investigated compounds is as follows: DTPR >
DTPD1 > DTPD3 > DTPD6 > DTPD7 > DTPD2 > DTPD8 > DTPD4 >
DTPDS5. Binding energy is associated with polarizability and materials
characterized by lower binding energy are often deemed as excellent
photonic compounds due to their remarkable NLO properties [20].
Notably, the lowest binding energy (1.142 eV) observed in DTPD5, due
to its high conduction rate and ease of segregating into individual
charges, designates it as an outstanding material for NLO applications.

3.6. Nonlinear optical analysis

Enhanced NLO properties in various materials hold significant
promise for advancing applications in emerging areas like harmonic
generation, electro-optic modulation, frequency mixing and communi-
cation technologies [82,88,89]. Therefore, a comprehensive under-
standing of NLO properties is essential for the development of such
materials. To generate inherent nonlinear optical properties, a push-pull
type structure is essential. This structure can be created by strategically
incorporating suitable donor and acceptor units at specific locations,
and its effectiveness can be enhanced by extending conjugation through
the inclusion of n-spacers [90]. The magnitude of the optical response is
dictated by the electronic characteristics of the material, which are
influenced by factors such as (@), fror and ytor and pirot-

The dipole moment is particularly affected by the electronegativity
of molecules. Stronger electronegativity in a system is reflected by
higher dipole moment values. Polarity and dipole moment are crucial
for enhancing a molecule’s NLO potential [91]. The computed dipole
moment (i) along with the tensors (u, uy and u,) data for the studied
compounds (DTPR and DTPD1-DTPD8) are recorded in the Table S20.
It is clearly seen that the dipole moment tensor along the x-axis (uy)
predominantly contributes to the o values, whereas the values along
the z and y-axes (uy and u,) show relatively lesser contribution. The
dipole moment values for our series of compounds are ranked as follows:
DTPD6 (20.135 D) > DTPD5 (17.694 D) > DTPD7= DTPDS8 (14.678 D)
> DTPD3 (10.128 D) > DTPD2 (8.578 D) > DTPD4 (6.661 D) > DTPD1
(0.593 D). Notably, the derivative DTPD6 possesses the highest value
(20.135 D), signifying it as the most polarized molecule. A review of the
literature highlights the use of the para-nitroaniline (p-NA) molecule as
a reference for comparative NLO studies [92]. Notably, the dipole mo-
ments of all these molecules exceed that of para-nitroaniline (p-NA),
which has a value of 4.962 D, except DTPD1, as it lacks any accepting
group or electronegative atom in its structure.

Similarly, the linear polarizability (a) serves as an effective
descriptor of the electronic properties and polarity of compounds. The
(a) values, along with their primary contributing tensors (axx, @,y and
ay) are listed in the Table S21, while the key values are presented in the
Table 5 of the manuscript, with all parameters measured in esu units.
The dominant values within the average polarizability tensor are found
along the x-axis (axy), indicating that the overall polarizability <o> is
aligned in this direction. The literature indicates that a molecule’s
polarizability is greatly affected by the energy gap between its HOMO
and LUMO. Molecules with smaller energy gap values typically display
higher linear polarizability and vice versa. In the series of designed
chromophores, DTPD1 demonstrates the least () value (1.079x1072
esu), whereas, DTPD6 stands out as the most polarizable derivative,
showcasing a significant linear polarizability value of 1.561x1022 esu.
Interestingly, all of these compounds possess considerably higher linear
polarizability values than both the reference molecule DTPR and the
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Table 5
Computed dipole moment (i), average linear polarizability (@), first (fior) and
second hyper-polarizability (y) of DTPR and DTPD1-DTPDS.

Compounds Hiot (a)yx1 022 Prorx107%7 Yiot X10732
DTPR 0.319 1.009 0.006 0.153
DTPD1 0.593 1.079 0.016 0.198
DTPD2 8.578 1.410 1.003 0.899
DTPD3 10.128 1.360 1.186 1.077
DTPD4 6.661 1.388 1.081 1.204
DTPD5 17.694 1.502 2.038 1.961
DTPD6 20.135 1.561 2.111 1.952
DTPD7 14.678 1.479 1.314 1.225
DTPD8 14.678 1.504 1.893 1.775

Dipole moment (o) in Debye (D) while, (x), first hyper-polarizability(f¢) and
second hyper-polarizability (y) in esu units.

standard p-NA molecule ((a) = 1.173x 1024 esu), demonstrating their
exceptional NLO response.

The first-hyper-polarizability (B plays a vital role in assessing the
non-linear optical properties of a chromophore. The S, can be deter-
mined through the utilization of nine contributing tensors (Bxxx, Pxxys
Byys Pyyys Proxzs Pyyzs Przzs Pyzz and Pzz;). The fror values and their tensors
are calculated for the designed compounds i.e., DTPD1-DTPDS, and the
comprehensive results are presented in the Table S22. While, the
representative Sy values are also tabulated in the manuscript (see
Table 5) yielding the following results: 0.016, 1.003, 1.186, 1.081,
2.038, 2.111, 1.314 and 1.893x10™?" esu, respectively. Compound
(DTPD6) shows the highest value as 2.111 x107% esu among all com-
pounds under study. The enhanced fo can be attributed to the robust
push-pull configuration and the incorporation of electron-withdrawing
groups in the customized chromophore, resulting in a higher value.
Significantly, the tailored chromophores containing additional electron-
withdrawing groups, such as -SOsH, -NO3 and -CN in DTPD6, DTPD5
and DTPDS8 respectively, exhibit elevated first-hyper-polarizability
values.

The Table S23 displays the calculated second hyperpolarizability ot
values for designed derivatives, which was obtained using the M06
method with a 6-311G (d,p) basis set. Based on the acquired data, it’s
evident that the primary contribution to the (y) values originate from the
second hyperpolarizability tensor along the x-axis (yy) in all considered
chromophores. Similarly, when comparing the second hyper-
polarizability values of all the specified chromophores to p-NA, it was
observed that all the examined chromophores exhibited greater effi-
ciency than the standard p-NA (with a value of 2.75x10730 esu). Based
on the preliminary data, the ultimate findings for the third-order NLO
parameter reveal that DTPD5, DTPD6, and DTPD6 exhibit the highest
7tot Values, measuring at 1.979><10’32, 1.971x10 %2 and 1. 790x 1032
esu, respectively. DTPD6 and DTPD5 emerged as the top performers
among all the candidates in terms of their favorable (a), fior and yior
values.

3.7. UV-Vis investigations

Utilizing UV-Vis spectroscopy [93,94], we employed TD-DFT com-
putations with the M06/6-311G(d,p) combination to elucidate the ab-
sorption spectra pertaining to the excited states in DTPR and DTPD1-
DTPD8. This analysis enabled us to detect details about the probability
of charge transfer, the configurations that drive these transitions [95],
and the inherent nature of the electronic transitions in these systems
[96-98]. Tables 6 and 7 present the calculations for the maximum ab-
sorption wavelength (Amax), €xcitation energies (E), oscillation strengths
(fos), and contributions from molecular orbitals for the studied com-
pounds. Figure 6 and Tables 524-43 illustrates the absorption spectra of
the designed compounds, revealing absorbance within the visible
spectrum.

In a dichloromethane solvent, the DTPD6 compound demonstrates
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Table 6
Transition energy (E), Amax fos and MO participation of entitled molecules DTPR
and DTPD1- DTPDS in Dichloromethane.

System  Amax E Sos MO contributions

(nm) (eV)
395560  3.134  0.731

Medium

Dichloromethane = DTPR H-L+1 (94%), H-

1-L+2 (3%)

DTPD1 527.032 2.353 0.762  H-L (97%)
DTPD2 605.806 2.047 1.170 H-L (89%),
H-L+1 (5%)
DTPD3 622.661 1.991 0.845 H-L (88%),
H-L+1 (6%)
DTPD4 527.660 2.350 0916  H-L+1 (60%), H-
1-L (28%)
DTPD5 678.139 1.828 1.073  H-L (49%),
H—L+1 (46%)
DTPD6 712.307 1.741 0.585  H-L (92%),
H-L+1 (4%)
DTPD7 452.530 2.740 0.949  H-1-L+1 (80%),
H-1-L (8%)
DTPD8 667.946 1.856 0.983  H-L (59%),

H—L+1 (37%)

fos= oscillator strength, H=HOMO, L=LUMO, MO=molecular orbital.

Table 7
Transition energy (E), Amax fos and MO participation of entitled molecules DTPR
and DTPD1- DTPD8 in Gaseous phase.

Medium  System  Amax E(eV) fos MO contributions
(nm)
Gaseous DTPD1 507.3 2.444 0.665 H-L (97%)
DTPD2 578.4 2.144 1.01 H-L (93%), H->L+1 (2%)
DTPD3  430.8 2.878 0.909 H-1-L+1 (71%), H-1-L
(17%)
DTPD4 514.4 241 0.544 H-1-L (73%), H—>L+1
(16%)
DTPD5  654.4 1.895 0.838  H—L+1 (84%), H-L (14%)
DTPD6  457.3 2711 1.045 H-1-L+1 (80%), H-1-L
(7%)
DTPD7  440.8 2.812 1.122  H-1-L+1 (69%), H-1-L
(19%)
DTPD8 456.3 2.717 1.162 H-1-L+1 (78%), H-1-L
(9%)

fos= oscillator strength, H=HOMO, L=LUMO, MO=molecular orbital.

its highest absorption peak at 712.307 nm, due to its potent electron-
withdrawing sulphonic groups in the acceptor unit, combined with a
low energy value of 1.741 eV. The oscillator strength of 0.585 indicates
that the HOMO and LUMO molecular orbitals contribute minimally,
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accounting for only about 4 % of the absorption. The presence of
-COOCH3 groups in DTPD7 results in the minimum Ay, specifically a
hypochromic shift with a value of 452.530 nm. This shift is accompanied
by the highest excitation energy of 2.740 eV. To enhance the maximum
absorption wavelength (Apay) in the designed compounds, electron-
withdrawing acceptor moieties are utilized, as outlined in the Table 6.
The descending order of Ayax values is as follows: DTPD6 (712.307) >
DTPD5 (678.139) > DTPDS8 (667.946) > DTPD3 (622.661) > DTPD2
(605.806) > DTPD4 (527.660) > DTPD1 (527.032) > DTPD7 (452.530)
in nm (Table 7) The presence of effective electron-withdrawing end-
capped acceptors in the compounds leads to a red-shift in the absorption
spectrum, causing a change in the absorption maxima (lyay) towards
longer wavelengths. Additionally, the A« value for DTPD1 is observed
at 527.032 nm, which exceeds that of DTPD7. DTPD4 has a little longer
absorption wavelength at 527.660 nm and a higher transition energy of
2.350 eV compared to DTPD1. This change can be attributed to the
addition of electron-withdrawing dichlorobenzene groups. DTPD2 ex-
hibits a higher absorption wavelength at 605.806 nm compared to
DTPD4. This difference is attributed to the replacement of tri-
fluoromethyl groups with benzene, as benzene being a less electron-
withdrawing group compared to fluorine, might result in a relatively
longer wavelength in the UV region in DTPD2. The higher A, value
(622.661 nm) and lower transition energy (1.991 eV) observed in
DTPD3, as compared to DTPD2, could potentially be attributed to the
removal of cyano group as it entrapped the charges and substitution of
floro groups at the terminal acceptor. The substitution of floro (-F)
groups with chloro (-Cl) groups in DTPD4, leading to a lower absorption
wavelength (527.660 nm) and a higher transition energy (2.350 eV)
compared to DTPDS, can be attributed to the electron-withdrawing ef-
fect of the chloro group. This electron-withdrawing effect reduces
resonance, resulting in a higher band gap.

The calculated Apax values for the designed derivatives consistently
exhibit higher values when measured in dichloromethane in contrast to
the gas phase. This phenomenon is likely a consequence of solvent ef-
fects. The Anax values calculated in gaseous phase for all the studied
compounds fall within the range of 430-654 nm, which is higher than the
Amax value for DTPR, (392.194 nm). Among the reference and designed
compounds, DTPD5 displayed the most significant absorption peak at
654.374 nm and the lowest excitation energy of 1.895 eV. This can be
ascribed to the introduction of nitro (-NO3) groups into the thiophene
ring. In solvent-phase UV-Vis absorption spectroscopy, DTPD6 exhibits
a red-shift which corresponds to the least energy gap of compound.
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Fig. 6. Absorption spectra of DTPR and DTPD1-DTPD8: (a) in gaseous phase (b) in dichloromethane.
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4. Conclusion

In current study, a series of compounds, DTPD1-DTPD8, were
formulated by substituting the thiophene spacer unit with a selenophene
unit and benzothiophene acceptors at one terminal of DTPR. Through
quantum chemical study the effect of molecular engineering on opto-
electronic properties was studied. All designed chromophores exhibited
a broader absorption spectrum in the visible region with reduced Egap
(2.107-3.057 eV), and efficient charge transfer from HOMO to LUMO
than that of reference chromophore. showed that all the molecules were
more reactive and polarizable. The decreasing order of softness; DTPD6
> DTPD4 > DTPD5 > DTPD8 > DTPD7 > DTPD3 > DTPD2 > DTPD1
> DTPR. All chromophores showed significant NLO response than that
of reference compound. These finding revealed that molecular engi-
neering with selenophene placement for construction of spacer and
utilization of benzothiophene acceptors for development of push-pull
architecture is an easy and effective way to obtain higher NLO charac-
teristics, as a consequence of the selective lower-lying lowest unoccu-
pied molecular orbital (LUMO) with the HOMO being almost
unchanged, together with the effective broadening on the absorption
band. This computational work provides worthwhile insight for exper-
imentalists to explore these attractive NLO materials for optics and
electronics.
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