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Abstract

Current research has focused on utilization of non-fullerene based organic materials for
the advancement of nonlinear optical (NLO) based technology. The reference compound
(DTPSR1) was used in tailoring process to design seven new derivatives (DTPSD2-
DTPSDS8) via various acceptor moieties. The M06-2X level with 6-311G(d,p) basis set
was used for assessing frontier molecular orbitals (FMOs), natural bonding orbital (NBO),
nonlinear optical properties [average polarizability <a >, first hyperpolarizability (53,,,,).
second hyperpolarizability (y,,,,)], transition density matrix (TDM) and UV-Vis analyses
of DTPSR1 and DTPSD2-DTPSD8. The UV-Vis analysis indicated that the designed
derivatives show comparable results (515.462-586.269 nm) with reference molecule
(583.592 nm), except DTPSD7, that exhibited slight red shift (586.269 nm). Smaller
LUMO-HOMO energy gaps were reported as in DTPSD3 (3.53 ¢V), DTPSD7 (3.53 eV)
and DTPSDS (3.55 eV) as compared to DTPSR1 (3.60 eV) which was further supported
by TDM analysis. The global reactivity descriptors have also shown close correlation with
LUMO-HOMO energy gaps; smaller value of energy gap showed lower hardness value
1.77 eV for DTPSD3, DTPSD7 and DTPSD8 and greater softness values 0.283 eV for
DTPSD3, DTPSD7 and 0.281 eV for DTPSDS, respectively. The hyper conjugative inter-
actions, stability, and electron-transfer mechanism were elucidated by using NBO analy-
sis. DTPSD2-DTPSDS also exhibited comparatively closer NLO results with DTPSR1.
Among DTPSD2-DTPSDS, the highest (a)1439.16 a.u, f,,,, 189,720.546 a.u and y,,,,
1.980890x 107 a.u were observed for DTPSD7. It is anticipated that our study would pro-
vide a springboard to attain the NLO materials exhibiting significant future applications
such as in telecommunication, data storage and optical poling.
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1 Introduction

Nonlinear optical (NLO) materials have recently attracted theoretical and experimental
researchers due to their fascinating potential properties (Ahmad et al. 2018; Akram et al.
2018; Papadopoulos, Sadlej and Leszczynski 2006; Shahid et al. 2018). The NLO chromo-
phores possess substantial applications in a wide range of disciplines i.e. nuclear research,
medicine, chemical dynamics, solid-state physics, material sciences and biophysics (Eaton
1991). The NLO compounds are also becoming essential in various technologies particu-
larly optical computing, optical communication, and dynamic image processing (Breitung
et al. 2000; Peng and Yu 1994; Tsutsumi, Morishima and Sakai 1998). Therefore, multi-
ple attempts are being made to explore various NLO materials comprising nanomaterials,
organic and inorganic semiconductors, polymer frameworks and molecular dyes (Fonseca
et al. 2018; Guo et al. 2018; Halasyamani and Zhang 2017; Yamashita 2011; Zhang et al.
2017). Some essential features to be NLO material are inexpensive production cost, small
dielectric constant, significant photoelectric coefficient, and designing freedom. Organic
compounds carrying hyperpolarizability have gained a lot of interest to be used in this
field because of their environment friendly nature, ease of refining and formation (Nagara-
jan et al. 2017). Strong intramolecular charge transfer (ICT) is also an important property
which arises due to electron density transfer from donor (D) to acceptor (A) via z-bridge
to produce a substantial dipole moment among the molecule’s ground and excited levels
(Chemla 2012; Prasad and Williams 1991).

Significant NLO response in donor—acceptor (D-A) molecules can be described by using
two-state model (Roy and Nandi 2015). As a general assumption, the basic framework of NLO
molecule is mainly composed of donor (D) acceptor (A) pairs bonded via z-conjugated elec-
tron bridges (D-7—A). This type of configuration along with conjugated length is taken into
consideration when selecting D-7—A chromophores (Janjua, Amin et al. 2012a; Janjua et al.
2012b; Khan et al. 2018, 2019a, b, ¢) as D and A entities are essential in generating considera-
ble NLO response. In the majority of NLO compounds, electronic charge is delocalized in the
z-bond framework and the first hyperpolarizability is associated to ICT (Chemla 2012; Prasad
and Williams 1991). Numerous frameworks have been previously described in the literature
particularly, D-z—A, D-A-7-A, A-n—D-n-A, D-n—n-A, D-n-A-n-D, D-A and D-D-n-A
(Katono et al. 2014; Namuangruk et al. 2012; Panneerselvam et al. 2017; Wielopolski et al.
2013). For designing, an effective push—pull framework A-D-n—n-A and D-A-D-n—n-A
based organic molecules have been developed by using appropriate D, w-linker and A moi-
ties. The push—pull design minimize the charge recombination, bring alteration in charge dis-
sociation, expansion in absorption to a higher wavelength, intensification in asymmetrical
electronic distribution, and reduction in energy gap (E,,,) which results in magnificent NLO
response (Haroon et al. 2017; Janjua 2010; Januja et al. 2012a, 2014, 2015a, b), Efficient
designing of D-n—A molecules for their improved NLO applications is essential in current
research work. Fullerenes have 3 dimensional cages like structure known to have outstanding
NLO behavior because of their greater n-conjugated network and the substantial delocaliza-
tion of charge (He and Li 2011). Fullerenes exhibit a number of profitable characteristics and
their primary success in the area of organic photo electronics was reported. In spite of their
success, many difficulties and disadvantages still exists in fullerenes that cannot be minimized
without altering this preliminary class of acceptors. Over the last few years, the evolution of
exchanging fullerene-based acceptors with non-fullerene acceptors (NFAs) has reinforced the
field of optoelectronics to some level (Wadsworth et al. 2019). The NFAs have fundamen-
tal advantages comprising tunability of band gaps, light absorption, energy state validity and
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planarity. Nowadays, these NFAs have expressed exceptional stability as compared to fuller-
ene based acceptor molecules (Cheng et al. 2018). On the basis of these magnificent proper-
ties, our goal is to provide a theoretical viewpoint on NLO characteristics of NFAs organic
materials. The NLO investigation of entitled NFA based reference molecule DTPSR1 and its
derivatives DTPSD2-DTPSD8 might not be reported yet. Hence, to overcome this research
gap, recent studies are done to design seven novel derivatives (DTPSD2-DTPSDS) of a refer-
ence compound (DTPSR1) to elaborate their NLO behavior by DFT and TD-DFT computa-
tions. We are optimistic that this research would be a new contribution for the researchers to
further explore the NLO behavior of NFAs.

1.1 Computational procedure

DFT calculations are used to estimate electronic analysis, absorption spectra, and NLO
parameters of DTPSR1 and DTPSD2-DTPSDS8 chromophores. The quantum chemical inves-
tigations of these chromophores were carried out by using Gaussian 09 (Frisch and Clem-
ente 2009) program package at M06-2X/6-311G(d,p) level of theory. By employing the above
level and the same basis set (Khalid et al. 2021a, b), the NBO 3.1 software (Glendening and
Weinhold 1998) was utilized for the natural bond orbital (NBO) analysis. The FMOs, TDM,
and UV-Vis spectral analysis was computed via using (TD-DFT) at the same functional.
The input files are generated by using GaussView 5.0, (Dennington, Keith and Millam 2016)
while, Avogadro (Hanwell et al. 2012) and Chemcraft (Zhurko and Zhurko 2009) are used to
evaluate the remaining data. The dipole moment is determined by using Eq. 1 (Valverde et al.
2018) and average polarizability (a) is calculated from the Eq. (2) (Barone and Cossi 1998).

2 2 2 172
M=<#X+My+llz> (D

<a>=1/3(a, +a, +a,) )
The following 9 hyperpolarizability tensors: Sy By Brzz Pyyy Prxys Pyzzr Praz Prxa @0

Pyy, were found in the Gaussian output file and Eq. (3) (Tamer et al. 2016) is used to compute
the magnitude of the first hyperpolarizability (3,,,).

2, 2. 2\
ot = (B2 + 02+ 1) 3)
The second hyperpolarizability is determined by utilizing the Eq. 4.

Vil = \JV: + 7V +72 4)

1 ..
where y; = = X (vii + vy + vigg) G = {x.y.2}
J

2 Results and discussion

Self-assembly and molecular structure understanding is very critical for revealing optoelec-
tronic properties of molecules. A highly efficient NFA namely CH1007 is a selenium analog
of Y6 reported by Lin et al. (Lin et al. 2020) CH1007 holds proven track record of superior
charge-transporting characteristics and phenomenal PCE of 17.08%. This study advocates
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Donor

Scheme 1 Sketch map of designed compounds (DTPSR1 and DTPSD2- DTPSDS)

the molecular structural tailoring of highly efficient CH1007 (named as DTPSRI1 in this
study) NFA for their NLO response exploration and their utilization in NLO based applica-
tions. The reference molecule DTPSR1 possessed an A-D-A architecture which is modi-
fied to D-n—A by replacing one end-capped unit with efficient electron donor carbazole
moiety. Similarly, the second end-capped unit is modified with well-known reported end
capped acceptor units and seven new compounds DTPSD2 (2-(5,6-difluoro-2-methylene-
3-0x0-2,3-dihydro-1H-inden- 1-ylidene)malononitrile), DTPSD3 (3-(dinitromethylene)-
5,6-difluoro-2-methylene-2,3-dihydro-1H-inden-1-one), DTPSD4 (5,6-difluoro-
2-methylene-3-oxo-2,3-dihydro-1H-inden- 1-ylidene)methanedisulfonic acid), DTPSD5
(5,6-difluoro-2-methylene-3-(perfluoropropan-2-ylidene)-2,3-dihydro-1 H-inden-1-one),
DTPSD6 (5,6-dichloro-2-methylene-3-(perfluoropropan-2-ylidene)-2,3-dihydro-1H-inden-
1-one), DTPSD7 (5,6-dichloro-2-methylene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)meth-
anedisulfonic acid), and DTPSD8 (3.55 eV) having (5,6-dichloro-3-(dinitromethylene)-
2-methylene-2,3-dihydro-1H-inden-1-one) are developed theoretically. These proposed
compounds are divided into three fragments such as terminal donor, central core m-spacer
and peripheral acceptor represented in Scheme 1 as D-n—A network.
The optimized molecule geometries of investigated compounds are shown in Fig. 1.

2.1 Frontier molecular orbitals (FMO) analysis

The FMOs is a good theory for predicting the chemical stability of the investigated com-
pounds (Gunasekaran et al. 2008). The highest occupied molecular orbital (HOMO) and
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the lowest unoccupied molecular orbital (LUMO) are significant quantum orbitals that
influence UV—-Vis spectra and chemical mechanisms. LUMO usually relates to the capabil-
ity to accept electrons, while HOMO relates to the capability to donate electrons (Amiri
et al. 2016). The chemical reactivity, dynamic stability, chemical softness, and rigidity of
molecules are also anticipated by LUMO-HOMO energy gap (Khalid et al. 2017). Chemi-
cally hard molecules possess greater E;yyvo-Exomo €nergy gap are considered to have
superior kinetic stability and reduced chemical reactivity. On the other hand, molecules
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Fig. 1 Optimized structures of investigated compounds (DTPSR1 and DTPSD2- DTPSDS8)
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with a smaller E; vo-Epomo €nergy gap are less stable, more reactive, soft, highly polar-
izable and are regarded as better entrants for estimating NLO response (Chattaraj and
Roy 2007; Lesar and MiloSev 2009; Parr et al. 1978; Parr, Szentpaly and Liu 1999). DFT
analysis for the estimation of Eygng. Erumo. and energy gaps of DTPSR1 and DTPS2-
DTPSD8 is performed and the findings are tabulated in Table 1.

Originally, the reference molecule possessed an A-D—A architecture which is then
modified to D-n—A for the exploration of effective NLO properties of newly designed
compounds possessing various types of acceptor moieties. With new D—n—A architecture,
the novel DTPSD2, DTPSD3, DTPSD4 and DTPSD7 compounds show almost simi-
lar results, which implies that the acceptors have a comparable influence on HOMO and
LUMO energy gap of the molecules. Whereas, the highest energy gap value is observed
in the case of DTPSDS and DTPSD6, respectively. The lowest value of energy gap of
3.53 eV is observed in the case of DTPSD3 having (3-(dinitromethylene)-5,6-difluoro-
2-methylene-2,3-dihydro-1H-inden-1-one) as acceptor group. This acceptor group showed
remarkable effect on the UV-Vis absorption spectrum and comparable absorption spectra.
This reduction in energy gap is due to the presence of strong electronegative nitro (-NO,)
and fluoro (-F) groups with greater negative inductive (—I) effect on the acceptor moi-
ety. Similar energy gap of (3.53 eV) is also observed in the case of DTPSD7 in which
(5,6-dichloro-2-methylene-3-0x0-2,3-dihydro- 1 H-inden- 1-ylidene)methanedisulfonic acid)
group is used as acceptor moiety. This decline in energy gap is due to the existence of
chloro (—Cl) and sulphonic acid (-SO;H) groups on the acceptor part. As these groups have
combined mesomeric and —I effect which results in decreased energy gap. Due to the use
of most effective acceptor group in DTPSD7, the UV-Vis absorption spectra of respec-
tive molecule also correlate with this effective energy gap. The value of the energy gap is
increased in case of DTPSDS8 (3.55 eV) having (5,6-dichloro-3-(dinitromethylene)-2-meth-
ylene-2,3-dihydro- 1H-inden-1-one) as acceptor group. This enhancement in energy gap is
due to the slightly less electron pulling nature of end-capped acceptor used in DTPSDS as a
result of which the energy gap gets enhanced. This value of energy gap is further increased
to (3.66 and 3.69 eV) for DTPSD2 and DTPSD4 possessing (2-(5,6-difluoro-2-methyl-
ene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile) and (5,6-difluoro-2-methylene-
3-0x0-2,3-dihydro-1H-inden-1-ylidene)methanedisulfonic acid) groups as acceptor moie-
ties, respectively. The energy gap of DTPSD2 (3.66 eV) is less than DTPSD4 (3.69 eV)
because in DTPSD2, —F and —CN (both highly electron-withdrawing) are present, while in
the case of DTPSD4, —F and —SO;H (-F highly and —SO;H moderately electron withdraw-
ing) substituents are present on the acceptor unit. This value of energy gap with a slight

Table 1 The Eyomos ELumo

Compounds HOMO LUMO AE

SLDTPSRT and DFSDE""

DTPSDS DTPSR1 -6.59 -2.99 3.60
DTPSD2 —-6.50 —2.83 3.66
DTPSD3 -6.52 -2.98 3.53
DTPSD4 -6.52 -2.83 3.69
DTPSD5 —6.47 —2.56 3.90
DTPSD6 -6.48 —2.63 3.85
DTPSD7 -6.56 -3.02 3.53
DTPSD8 —6.531 —-2.98 3.55

Energy gap (AE)=E| ym0— Enomos Units in eV
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increase (3.85 eV) is observed in the case of DTPSD6 in which (5,6-dichloro-2-methylene-
3-(perfluoropropan-2-ylidene)-2,3-dihydro-1H-inden-1-one) acceptor is used. Among all
the designed compounds, the highest value of energy gap (3.90 eV) is noted in DTPSDS in
which (5,6-difluoro-2-methylene-3-(perfluoropropan-2-ylidene)-2,3-dihydro-1H-inden-1-
one) is used as acceptor moiety. The enhancement of energy gap of DTPSD6 and DTPSDS
is due to the presence of trifluoromethyl (~CF;) group on the acceptor unit. As —CF; is
highly electron-withdrawing group so, it strongly withdraws electron density towards itself
and deactivate the ring by reducing resonance, hence, energy gap gets enhanced. Over-
all, the increasing order of energy gap in the newly modified reference and designed com-
pounds is observed as: DTPSD3=DTPSD7 < DTPSD8 < DTPSR1<DTPSD2 <DTPSD
4 <DTPSD6 < DTPSDS.

The FMOs diagram indicating the presence and shifting of charge density from HOMO
to LUMO is portrayed in Fig. 2. In reference compound DTPSD1, HOMO charge density
from central core unit is shifted to terminal pulling units. The behavior of designed mole-
cules is observed similar where HOMO is found populated on central units while LUMO is
found concentrated on one side end-capped unit. The successful migration of charge den-
sity provide clue for potential enhancement in dipole moment which directly relate to the
enhanced NLO response properties.

2.2 Global reactivity parameters (GRPs)
The FMO study (E,,,=E| ypmo-Enomo) 1s significant for evaluating the global reactivity
parameters such as ionization potential (/P), global softness (o), global hardness (7), global
electrophilicity index (@), electron affinity (EA), (Fukui 1982) electronegativity (X), and
chemical potential () (Chattaraj, Giri and Duley 2011; Kovacevié¢ and Kokalj 2011; Parr
et al. 1978, 1999). The following Equations are used to calculate the /P and EA.

IP = —Eyoumo (@)

EA = -E o ©6)

Applying Koopmans’ theorem, the chemical hardness (1), chemical potential (u),
electronegativity (X), global softness (¢), and electrophilicity index (w) were estimated
(Kovacevi¢ and Kokalj 2011).

_ [IP+EA]

X ) @)
IP — EA
p= ®)
_ Enomo + ELumo
= —n—0 )
Y
=2 (10)
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Fig.2 HOMO and LUMO energy diagrams of studied compounds (DTPSR1 and DTPSD2-DTPSDS)

0= (11)

Ionization potential is the energy necessary to withdraw electron from HOMO which
indicates the ability to accept electrons and affects the reactivity/stability of molecules
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Fig.2 (continued)

(Khalid et al. 2020a, b). The chemical potential, energy gap, hardness, and stability of a
compound all are directly related while in case of reactivity the correlation is inversed
(Khalid et al. 2020a, b). As a result, compounds with a greater energy gap generally con-
sidered as harder molecules, with less reactivity and high kinetic stability (Table 2).

The stability of a molecule is influenced by the location of electronegative substituents
(He et al. 2010). DTPSD3, DTPSD7 and DTPSDS8 have lower hardness as compared to
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DTPSRI1, whereas remaining all molecules depicts greater hardness than DTPSR1. The
lowest computed hardness value is found 1.77 eV exhibited by DTPSD7 which also show
similar relationship with energy gap of the molecules. Overall, the increasing order of
global hardness of DTPSD2- DTPSDS is marked as: DTPSD3=DTPSD7=DTPSD8 <D
TPSR1 <DTPSD2 < DTPSD4 < DTPSD6 < DTPSDS5. Softness is another parameter that
reveals a molecule’s reactivity because of its polarizability. In case of DTPSD3, DTPSD7
and DTPSDS, the value of the global softness is enhanced (0.28 eV) so, they are consid-
ered as more polarizable units among other derivatives and consequently, they may hold
proficient NLO behavior. The energy gap values of DTPSD2-DTPSD8 are correlated with
GRPs of the investigated compounds; compounds having smaller band gaps exhibited
lesser hardness and larger softness along with lower chemical potential. It is evident from
computed results that the investigated compounds hold proficient GRPs values essential to
exhibit NLO response.

2.3 UV-Vis analysis

To explain the transitions and absorption attributes of DTPSR1 and DTPSD2- DTPSDS,
UV-Visible spectrum analysis is performed. The computations are conducted in dichlo-
romethane (DCM) solvent. Through TD-DFT computations, six lowest singlet—singlet
transitions have been explored. Transition energy (E eV), oscillator strength (f,,), transi-
tion nature and maximum absorbance wavelength (4,,,,) are estimated and documented
in Table S9. In Fig. 3, the absorbance spectra of DTPSR1 and DTPSD2- DTPSDS8 are
presented.

The computed 4,,, of reference molecule DTPSR1 is 583.592 nm, which is closer
to the experimental value, and shows an absorption band in the range of 500-950 nm
with two distinct bands at 760 and 660 nm (Lin et al. 2020). An effective chromophore
would be capable to absorb a bulk of light in the visible spectrum (400-700 nm) (Liu
et al. 2020). All the studied compounds depicted comparable results with respect to
each other. Among all the designed molecules, DTPSD7 shows the highest value of
Amax 386.269 nm with oscillation strength of 1.936. This absorption value is strongly
supported by LUMO-HOMO energy gap value which is smallest among all the stud-
ied compounds. The lowest value of absorption is observed in the case of DTPSDS of
515.462 nm with corresponding oscillation strength of 1.893. This value is increased
to 523.936 nm in case of DTPSD6 having 1.943 oscillation strength. Furthermore,
this value is enhanced to 551.408 and 553.427 nm with oscillation strength of 1.963

Table 2 Global reactivity
parameters of studied compounds
(DTPSR1 and DTPSD2-
DTPSDS)

Comps 1P EA X n " @ o

DTPSR1I 659 299 479 180 —-479 637 027
DTPSD2 650 2.84 4.67 183 —4.67 594 027
DTPSD3  6.53 298 476 177 —-476 639 0.28
DTPSD4 652 282 468 1.8 —4.68 592 0.27
DTPSD5 6.48 257 452 195 —452 523 025
DTPSD6 649 263 456 193 —-456 539 025
DTPSD7 657 3.03 479 177 -479 650 0.28
DTPSD8 653 298 475 177 -475 636 0.28

Units in eV
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Fig.3 Simulated absorption spectra of DTPSR1 and DTPSD2- DTPSD8

and 1.941 in case of DTPSD2 and DTPSD4, respectively. The 4., value is further
increased to 566.966 nm with corresponding oscillation strength of 1.819 in DTPSDS.
This absorption value is further enhanced to 570.304 nm in DTPSD3 with oscillation
strength of 1.772. This efficient absorption followed by smallest band gap as evident of
appropriate tailoring of D-n—A molecule, DTPSD3. Whereas, the highest absorbance
value of 586.269 nm with oscillation strength of 1.936 is observed in DTPSD7 which
shows that DTPSD7 have most effective acceptor moiety in D-n—A framework among
the studied compounds. Overall, the ascending order of A, observed is as: DTPSDS
<DTPSD6 < DTPSD2 < DTPSD4 < DTPSD8 < DTPSD3 < DTPSR1 <DTPSD7. The
absorption values of the DTPSR1 and (DTPSD2-DTPSD8) are tabulated in Table S10
(Supplementary Information). The computed findings indicate that structural tailor-
ing made a suitable impact on photophysical properties of the investigated compounds.
Shifting of absorption value toward higher region, lowering of transition energy value in
proposed compounds as compared to reference molecule advocate them better entrants
for exhibiting fine NLO response.

2.4 Natural bond orbital (NBO) analysis

Natural bond orbital analysis is performed to investigate the interaction of bonds involving
electron transmission and interpretation of hyper conjugation among the electrophile and
nucleophile (Liu et al. 2020). The NBO analysis is helpful in the elucidation of uniform
image formation of donor—m—acceptor framework, charge density shift from completely
bonded to half-filled non-bonded NBO (Szafran et al. 2007). A second order perturbation
approach is employed to compute delocalization reactions (Khalid et al. 2021a, b). The sta-
bilizing energy E® aided with delocalization i — j, transition donor (i) and acceptor (j) is
calculated by using the following Equation (Weinhold and Landis 2005).
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2
E® = ‘liﬂ (12)
(E; - E;)

where E® determines the stabilization energy, F(i— j) depicts the diagonal, donor orbital
occupancy is shown by qi and E;,E; are the off diagonal NBO Fock or Kohn—Sham medium
components (Reed et al. 1988). When E® is large, i and j have a close correlation, and
the total system has a higher degree of conjugation. The findings reveal that it is criti-
cal to create charge upon the carbon atom connected to the substituents by the donation
and withdrawal of electrons. Introduction of highly electronegative nitro, fluoro and chloro
groups enhance the conjugation and sustain the lone pair of atoms within the transition
state (Khalid et al. 2021a, b). The computed interactions are tabulated in Table 3.

The analyzed compounds evince four important transitions such as t—n*, 6 — 0¥,
LP—r* and LP — o*. Wherein, foremost transitions were found to be T — x*, less promi-
nent transitions are noted ¢ — ¢* followed by slightly prominent transitions LP — n* and
LP—oc*. The transfer of charge and hyper-conjugation of the studied compounds are
detected via m— n* transitions. In the reference compound DTPSR1, the most prominent
transition w(17-C18) — n*(C36-C37) with 39.33 kcal/mol energy is observed which indi-
cates strong donor 7 acceptor n* interaction. Whereas, n1(C58-068) — n*(C36-C37) tran-
sition showed smallest stabilization energy of 4.06 kcal/mol. Similarly, transitions like
6(C36-H38) —»o6*(C18-Se22) and o(C70-N71)— c*(C59-C69), respectively exhibited
greatest and lowest value of stabilization energies 10.30 and 0.50 kcal/mol. These stabi-
lization energy results are due to weak donor—acceptor interactions. In the case of reso-
nance, the interaction LP1(N13) — n*(C3-C4) showed largest stabilization energy value
of 47.60 kcal/mol and LP1(N7) — c*(C1-C6) transition exhibited smallest energy value
of 0.60 kcal/mol (see Table 3). Similarly, the transition w(C19-C24)— n*(C36-C37)
with highest stabilization energy of 40.65 kcal/mol and 7(C39-049)— (C36-C37) with
lowest energy value 4.05 kcal/mol are demonstrated by compound DTPSD2. Hence,
o(N8-59) — c*(C2-C3) and ¢(C102-N103) — c*(C40-C50) transitions in DTPSD2 pro-
vides largest 9.31 kcal/mol and smallest 0.50 kcal/mol energy values, respectively. Due
to the resonance, transitions such as LP1(N14)— n*(C5-C6) with stabilization energy
42.49 kcal/mol and LP1(N7) — 0*(C1-C6) having energy value 0.61 kcal/mol are mani-
fested by compound DTPSD?2 as presented in Table 3. Similarly, the largest possible © — *
transition exist in DTPSD3 is; n(C19-C24) — n*(C36-C37) with 41.44 kcal/mol value of
stability. Moreover, the transition t(N100-0102) — n*(C40-C50) with least 0.68 kcal/mol
stabilization energy value is displayed by DTPSD3. The highest and lowest stability values
10.13 and 0.50 kcal/mol with electronic transitions such as 6(C36-H38) — 6*(Se23-C24)
and 6(C53-H55) — 6*(C53-C59) correspondingly are calculated because of weaker 6 — o*
association. Additionally, LP3(0101) — zn*(N100-0102) and LP1(N13) — ¢*(C4-C5) tran-
sitions due to resonance with 223.99 and 0.50 kcal/mol stabilization energy are examined
for DTPSD3. In DTPSD4, the most probable n — ©t* transition ©(C19-C24) — n*(C36-C37)
having stability energy of 42.71 kcal/mol is found. On the other hand, transition like
m(C40-C50) — n*(C36-C37) with value 6.04 kcal/mol having lowest stabilization energy is
observed. Furthermore, transition 6(C36-H38) — 6*(Se23-C24) shows prominent energy
value of 10.36 kcal/mol, whereas, 6(C56-H57) — 6*(C69-H70) transition with least sta-
bilization energy value of 0.50 kcal/mol is examined. However due to resonance phenom-
ena, the largest 43.01 kcal/mol and smallest 1.84 kcal/mol energy values are exhibited by
LP1(N14) —» n*(C5-C6) and LP1(Se22) — c*(C16-C25) transitions correspondingly. The
1(C19-C24) — *(C36-C37) transition is detected with highest energy value 37.44 kcal/
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Table 3 Second order perturbation theory analysis of Fock matrix NBO at M06-2X/6-311G(d,p) level for
DTPSR1 and DTPSD2-DTPSD8

Comps Donor(i) Type Acceptor(j) Type EQ2)* E(ME®)° F(i,))°
DTPSRI1 C17-C18 n C36-C37 ¥ 39.33 0.37 0.109
C58-068 T C36-C37 Tk 4.06 0.52 0.044
C36-H38 c C18-Se22 o* 10.30 0.77 0.080
C70-N71 c C59-C69 o* 0.50 1.82 0.027
N13 LP(1) C3-C4 w* 47.60 0.36 0.119
N7 LP(1) Cl1-Cé6 o* 0.60 1.08 0.023
DTPSD2 C19-C24 T C36-C37 ¥ 40.65 0.37 0.111
C39-049 T C36-C37 ¥ 4.05 0.52 0.044
N8-S9 c C2-C3 o* 9.31 1.38 0.102
C102-N103 c C40-C50 o* 0.50 1.82 0.027
N14 LP(1) C5-C6 ¥ 42.49 0.37 0.115
N7 LP(1) C1-C6 o* 0.61 1.08 0.023
DTPSD3 C19-C24 n C36-C37 w* 41.44 0.37 0.111
N100-0102 T C40-C50 w* 0.68 0.61 0.019
C36-H38 c Se23-C24 o* 10.13 0.77 0.079
C53-H55 c C53-C59 o* 0.50 1.01 0.020
0101 LP(3) N100-0102 Tk 223.99 0.22 0.197
N13 LP(1) C4-C5 o* 0.50 0.93 0.021
DTPSD4 C19-C24 .o C36-C37 ¥ 42.71 0.37 0.113
C40-C50 T C36-C37 ¥ 6.04 0.44 0.048
C36-H38 c Se23-C24 c* 10.36 0.77 0.080
C56-H57 c C69-H70 c* 0.50 1.09 0.021
N14 LP(1) C5-C6 Tk 43.01 0.37 0.115
Se22 LP(1) C16-C25 o* 1.84 1.39 0.045
DTPSD5 C19-C24 n C36-C37 ¥ 37.44 0.38 0.108
C39-049 T C36-C37 ¥ 3.96 0.53 0.043
C20-C21 c N14-C15 o* 10.02 1.29 0.102
C28-H29 c C19-C28 c* 0.50 1.04 0.020
N14 LP(1) C5-C6 ¥ 43.23 0.37 0.115
N14 LP(1) C12-C15 o* 0.59 0.92 0.023
DTPSD6 C5-Co6 T C1-N7 ¥ 30.76 0.34 0.093
C39-049 T C36-C37 Tk 3.95 0.52 0.043
C20-C21 c N14-C15 o* 10.04 1.29 0.102
C51-HS3 c C51-C57 o* 0.50 1.01 0.020
N14 LP(1) C5-C6 w* 43.46 0.37 0.116
F105 LP(1) C50-C98 o* 0.51 1.60 0.026
DTPSD7 C19-C24 ] C36-C37 ¥ 46.16 0.37 0.117
C39-049 k] C36-C37 ¥ 3.70 0.52 0.042
C36-H38 c Se23-C24 o* 10.31 0.77 0.079
C51-H53 c C51-C57 o* 0.50 1.01 0.020
N14 LP(1) C5-C6 ¥ 43.94 0.37 0.116
C199 LP(2) C43-C44 c* 0.53 0.99 0.020
C19-C24 n C36-C37 ¥ 42.36 0.37 0.113
C40-C50 T N103-0104 ¥ 1.21 0.26 0.018
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Table 3 (continued)

Comps Donor(i) Type Acceptor(j) Type E(2)* E(ME®G)° F(@,j)°

DTPSD8 C20-C21 c N14-C15 c* 10.13 1.29 0.102
C51-H53 c C51-C57 o 0.50 1.01 0.02
0105 LP(3) N103-0104 i 22891 0.21 0.198
Se23 LP(1) C39-049 o* 0.50 1.45 0.024

2E® means the stabilization energy in kcal/mol
Energy difference between donor (i) and acceptor (j) NBO orbitals

°F(isj) is the Fock matrix element between donor and acceptor orbitals

mol in compound DTPSDS. Whereas, 1(C39-049) — n*(C36-C37) transition is observed
with stabilization energy value of 3.96 kcal/mol expressing least stability value. In addition
to this, maximum and minimum energy values 10.02 and 0.50 kcal/mol are noticed because
of 6(C20-C21) — 0*(N14-C15) and o(C28-H29) — c*(C19-C28) transitions, respectively.
Furthermore, transitions LP1(N14)— n*(C5-C6) and LP1(N14)—oc*(C12-C15) with
dominant and least stabilization energies to be 43.23 and 0.59 kcal/mol are observed.
The compound DTPSD6 manifested the transition n(C5-C6)— n*(C1-N7) with great-
est energy value 30.76 kcal/mol and m(C39-049) — n#(C36-C37) exhibited lowest sta-
bility value of 3.95 kcal/mol. However, largest stabilization energy value 10.04 kcal/
mol is shown by o(C20-C21)—c*(N14-C15) transition while least stability value
0.50 kcal/mol is displayed by o(C51-H53)—c*(C51-C57) transition due to weak
o —o* association. Whiledue to resonance phenomena, maximum and minimum sta-
bilization energies of 43.46 and 0.51 kcal/mol are presented by LP1(N14)— n*(C5-C6)
and LPI1(F105)—c*(C50-C98) electronic transitions. For DTPSD7, the transition
m(C19-C24) — n*(C36-C37) with greatest stabilization energy value 46.16 kcal/mol while
m(C39-049) — n*#(C36-C37) with lowest stabilization energy value 3.70 kcal/mol are
observed. The transitions 6(C36-H38)— c*(Se23-C24) and o(C51-H53) — o*(C51-C57)
having 10.31 and 0.50 kcal/mol energies are noted. The highest and lowest stabiliza-
tion energies 43.94 and 0.53 kcal/mol are demonstrated by LP1(N14)— x*(C5-C6)
and LP2(Cl199)— c*(C43-C44) transitions, respectively. In DTPSDS, the transition
n(C19-C24) - n*(C36-C37) with greatest stabilization energy of 42.36 kcal/mol is cal-
culated. Whereas, n(C40-C50)— n*(N103-O104) with lowermost stabilization energy
value 1.21 kcal/mol is calculated. The transitions such as o(C20-C21) — c*(N14-C15)
and 6(C51-H53) — 6*(C51-C57) having 10.13 and 0.50 kcal/mol energies are illustrated.
LP3(0105) —» n*(N103-O104) and LP1(Se23)— c*(C39-049) transitions are obtained
with stability energy of 228.91 and 0.50 kcal/mol due to resonance. Several additional
conjugation-exhibiting transitions are also explored in DTPSR1 and DTPSD2-DTPSDS§
which are represented in Tables S2-S9 (Supplementary Information). Amongst all investi-
gated chromophores, DTPSD7 has the superior stability because of the existence of com-
prehensive conjugation with 46.16 kcal/mol energy. In comparison with the DTPSR1,
except DTPSDS and DTPSDG, all the designed chromophores disclosed greater stability.
The general ascending arrangement of stability is represented as: DTPSD6 < DTPSDS5 <
DTPSR1 <DTPSD2 <DTPSD3 < DTPSD8 < DTPSD4 <DTPSD7. Hence, NBO study
implies that the extended hyper-conjugation and vigorous ICT plays a marvelous role in
stabilization of these compounds and designate the charge transference characteristics that
are crucial for NLO response.
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2.5 Nonlinear optical (NLO) properties

The significance of NLO materials is acknowledged due to its implications in medical,
electronics, optical transmission modulation, and telecom (Muhammad et al. 2009, 2013).
Organic compounds have significantly greater ability to display strong NLO abilities
than inorganic molecules (Bi et al. 2008). Asymmetric polarizability generates the NLO
response in organic molecules. The presence of electron-withdrawing and electron-donat-
ing moieties within the molecules at appropriate positions provides significant push—pull
architecture, which may generate the superior NLO response. Furthermore, these electron-
withdrawing and electron-donating groups are linked to the m-conjugated linker which
enhances the NLO behavior. As per literature, the energy gap among LUMO and HOMO
has impact on polarizability of molecules. High hyperpolarizability and linear polarizabil-
ity values are found in compounds with a smaller energy gap (Qin and Clark 2007). As
a consequence, dipole polarizabilities and ICT are a quantitative evaluation which offers
insights into the exceptional NLO activity of non-fullerene based compounds. Table 4
illustrates the calculated results whereas; Table S19-S21 (Supplementary Information) pre-
sents the major contributing tensor values.

Among all the molecules, DTPSD4 has the maximum dipole moment of 4.78 D, while
DTPSDS have shown the minimum dipole moment of 2.35 D. Furthermore, while compar-
ing to the urea as a standard molecule (1.3732 D), the dipole moments of all tailored mol-
ecules are observed to be higher (Reis et al. 1998) than the reference molecule (DTPSR1).
The DTPSD4 has higher polarizability and hyperpolarizability, with amplitudes 1350.53
and 153,255.97 a.u. Moreover, the linear polarizability variable is a significant factor in
determining the electrical characteristics of organic molecules. The linear polarizability
values for DTPSR1 are reported to be 2681.96, 1521.55, and 488.05 a.u. along a,,, ayy,
and a_, axes, respectively (Table S19). The linear polarizability values of all the designed
compounds are ranging from (1244.99-1439.16 a.u.). Among all the derivatives, DTPSD7
has the highest linear polarizability 1439.16 a.u. The average polarizability in ascending
order is noted as: DTPSDS < DTPSD6 < DTPSD2 < DTPSD3 < DTPSD4 < DTPSD8 <D
TPSD7 < DTPSR1. Among all the designed compounds, the highest value 189,720.55 a.u.
of P,y 1s noted in case of DTPSD7 in which (5,6-dichloro-2-methylene-3-oxo-2,3-dihy-
dro-1H-inden-1-ylidene)methanedisulfonic acid) group is used as an acceptor group. This
hyperpolarizability reduced to 179,804.05 a.u. in DTPSD3 in which (3-(dinitromethylene)-
5,6-difluoro-2-methylene-2,3-dihydro-1H-inden-1-one) acceptor group is used. Whereas,
the lowest value 104,707.22 a.u. of f,,, is observed for DTPSDS5. All the designed

Table 4 The computed 7
C x10
dipole moment (/J)’ linear omp Hiotal <(Z> ﬂmml Yiotal

polarizability (a), first-order DTPSRI

N 1.95 1563.85 80,048.09 3.30
hyperpolarizability (4,,,,,) and

second-order hyper polarizability DTPSD2 3.92 1324.37 161,420.17 1.73

(V101ap) Of entitled compounds DTPSD3 3.86 1324.96 179,804.05 2.04

g)TTPl’SS]gland DTPSD2- DTPSD4 478 1350.53 153,255.97 1.96

) DTPSD5 2.36 1244.99 104,707.22 1.10

DTPSD6 2.46 1298.39 115,489.55 1.23

DTPSD7 4.57 1439.16 189,720.55 1.98

DTPSDS8 4.68 1370.25 170,314.05 1.87

Units in a.u
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compounds (DTPSD2- DTPSDS8) depict greater value of f,,, than the reference com-
pound (DTPSR1) which indicates that these compounds may have excellent NLO behav-
ior. It can be correlated with the dipole moments of DTPSD2-DTPSDS8 which is greater
than that of DTPSRI1. Overall, the increasing order of f3,,,,; values is measured as: DTPSR
1<DTPSD5 <DTPSD6 < DTPSD4 < DTPSD2 < DTPSD8 < DTPSD3 < DTPSD7.

For NLO compounds, the second-order hyperpolarizability (y,,,,) is also significant
and the y,,,,, of DTPSR1 is 3.30x 10" a.u. with tensor values 3.29x 107, 1.73x10° and
7.58x 10* a.u. along the 7, 7yy» and . axes, respectively. The highest y,,,,, 2.04 X 107 a.u.
is observed for DTPSD3 with y,,, 7,,, and 7, tensors values of 1.95X 107, 7.37x10° and
6.98x 10* a.u., correspondingly among all the analyzed molecules. DTPSDS has the low-
est 7, Valuel.10x 107 a.u. with tensor values of 1.10x 10, 6.97 x 10° and 6.07 x 10* a.u.,
accordingly along 7,,, 7,,, and 7., axes. The values of y,,,, in ascending order are as: DT
PSD5 <DTPSD6 < DTPSD2 < DTPSD8 < DTPSD4 < DTPSD7 < DTPSD3 < DTPSRI1.
Table S21(Supplementary Information) provides all the tensor values of y,,,, for all the
molecules (DTPSR1 and DTPSD2-DTPSDS8). The energy gap influences polarizability
and explore the significant NLO responses, a shorter energy gap and higher polarizability
are connected with larger hyperpolarizabilities (Khalid et al. 2020a, b). Hence, the energy
gap and NLO responses are found to be inversely related with each other in studied mol-
ecules. All NLO computed results conclude that investigated molecules have proficient
NLO features and can be used as fine entrants for future NLO applications.

2.6 Transition density matrix (TDM)

Transition density matrix (TDM) analysis is used to determine the nature of transition in
DTPSRI1 and DTPSD2- DTPSDS. It also helps to understand the behavior of transitions,
from the ground state (S;) to an excited state (S;) and interaction between acceptor and
donor moieties (Ans et al. 2018). The compounds are divided into three fragments such as
terminal donor, central core n-spacer and peripheral acceptor represented as D—n—A net-
work and their heat maps are shown in Fig. 4.

FMOs study reveals the charge transfer that occurs majorly on the central n-spacer and
minutely on the peripheral acceptor and donor moieties which brings remarkable changes
in TDM pictographs. From TDM heat maps, it is clear that in all the derivatives, charge
is diagonally transferred from central core m-spacer to end capped acceptor and then to
peripheral donor part.

Binding energy is another interesting feature for analyzing the optoelectronic properties
of investigated compounds. It assists in the understanding of excitation dissociation poten-
tial. In the higher energy state, the lower the binding energy, the stronger the excitation
dissociation.

E,=E, _y— E,, (13)

The difference between the LUMO-HOMO (Egap) is the smallest for first activation
energy that can be used to determine binding energy E,. The E, is a term refers to the
potential of first singlet excited state that varies from SO to S1. In Eq. (13), E,, is the binding
energy, Ey is the energy gap and the first excitation energy is E,, (Khalid et al. 2021a,
b). Table 5 shows the theoretically calculated binding energies of investigated compounds.

Where Ey is the energy of highest occupied molecular orbital (HOMO) and E, is the
energy of the lowest unoccupied molecular orbital (LUMO). The increasing order of bind-

ing energies is computed in this order: DTPSD3 (1.36) <DTPSDS8 (1.37)<DTPSD2
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Fig.4 TDM graphs of compounds (DTPSR1 and DTPSD2-DTPSDS)

(1.41)<DTPSD7 (1.42) <DTPSD4 (1.45) <DTPSD6 (1.48)=DTPSR1
(1.48)<DTPSDS (1.49) eV which is quite comparable to the TDM pictographs. All
designed compounds possess almost comparable E, except DTPSD3 which shows small-
est E, value of 1.36 eV that predicts superior optoelectronic properties with greater mag-
nitude of excitation in excited state. In comparison to the reference compound DTPSR1,
all designed chromophores except DTPSD6 have reduced binding energies that results in
more excitation dissociation in the higher energy state. Thus, newly designed compounds
may have promising optical activity and might be utilized in various NLO applications.

3 Conclusion

A series of non-fullerene based organic compounds (DTPSR1 and DTPSD2-DTPSDS)
having D-n—A configuration was successfully designed by the structural modification
with different end capped acceptor units. It was observed that different acceptors have
significant impact on D-n—A arrangement and enhanced the NLO properties of designed
chromophores. It was observed that among all the designed derivatives, DTPSD7 displayed
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Table5 Calculated LUMO-
E E E,
HOMO energy gap (E; ), first Comp LH ot b
singlet excitation energies (E,,), DTPSRI 3.60 212 1.48
and excitation binding energies ’ ’ ’
(E,) of investigated compounds DTPSD2 3.66 2.25 L4l
(DTPSR1 and DTPSD2- DTPSD3 3.53 2.17 1.36
DTPSDS) DTPSD4 3.69 2.24 1.45
DTPSDS5 3.90 2.41 1.49
DTPSD6 3.85 2.37 1.48
DTPSD7 3.53 2.11 1.42
DTPSD8 3.55 2.18 1.37
Units in eV

maximum red shift of A

max

=586.27 nm and lowest transition energy 1.94 eV. FMOs study

indicates that LUMO-HOMO energy gap of DTPSD2-DTPSDS8 lies in the range of
3.53-3.90 eV. Additionally, GRPs data estimated that DTPSD3, DTPSD7 and DTPSD8
exhibited greater value of softness (0.28 eV) as compared to DTPSR1 (0.27 ¢V) NBO
findings revealed the charge transfer improves the stability of all designed compounds
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except DTPSDS5 and DTPSD6 which was further supported by GRPs outcomes. DTPSD7
exhibited excellent NLO response through highest values of (a), f,,,, and 7,,,,, computed
to be 1439.16, 189,720.55 and 1.98x 107 a.u., respectively. The dipole polarizability trend
confirms that all the designed compounds have polar characteristics. The current study
also yields insights that successful n-conjugated push—pull phenomenon can takes place in
investigated designed chromophores to render promising NLO results and can be utilized
in modern NLO applications.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11082-022-04441-w.
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