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Abstract Heterocyclic compounds with excellent nonlinear optical (NLO) properties are highly

significant and have many potentials uses in various fields such as nuclear science, optoelectronics

etc. Herein, an organic dye JK-201 was used theoretically to design a series of novel D-p-A based

NLO molecules (DTA1-DTA12). This novel series of NLO molecules was quantum chemically

designed by structural tailoring at the 1st p-spacer and acceptors unit of the JK-201 molecule.

To explore the effect of spacers and acceptors on the electronic, photophysical, and NLO properties

of DTA1-DTA12, density functional theory (DFT) investigations were performed for different sim-

ulation analyses. UV–Vis spectra revealed that all these novel compounds exhibited broader

absorption spectra with the largest shift and a narrowed bandgap (1.84–2.07 eV) compared to

the parent molecule (JK-201). Among all the designed compounds, the largest redshift was exam-
.edu.pk
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ined in DTA11 (538.99 nm). Furthermore, with the help of frontier molecular orbital (FMO) study,

charge transfer processes between the orbitals and chemical reactivity of designed molecules were

explained. Moreover, the Energy gap (ELUMO-EHOMO) was also used to express global reactivity

parameters (GRPs). These GRP findings evaluated that all molecules (DTA1-DTA12) had higher

global softness (r = 13.15–14.77 a.u) and lower hardness (g = 0.034–0.038 a.u) values, which indi-

cated that these compounds were more reactive. Nevertheless, significantly higher NLO behavior

was examined in all compounds. Overall, compound DTA5 showed a larger value of the linear

polarizability (<a>= 2868.08 a.u.), while compound DTA12 displayed a larger hyperpolarizabil-

ity (btotal = 268494.71 a.u) value. This present work presented that by controlling the type of p-
spacer and acceptor units, metal-free NLO materials can be designed, which can be valuable for

hi-tech NLO applications.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Second-order nonlinear optics (NLO) is a significant branch of
science that started with the discovery of second harmonic gen-

eration (SHG) and considered as a fundamental process for
optical frequency conversion in quantum and classical optics
(Iliopoulos et al., 2010; Kilper, 2010; Manzoni et al., 2015).
In second-order NLO, lasers having a high degree of direction-

ality, coherence and spectral purity are used to irradiate the
atoms and molecules with their interatomic field comparable
electric field. Laser-matter interactions are fundamentally

understood in the second-order NLO process, which leads to
the NLO effects implementation in different technological
areas, including optical data storage, optical switching and

optical communication (Lacroix et al., 1994; Manzoni et al.,
2015; Wu et al., 2012). Therefore, designing and synthesis of
NLO materials is an important area of research for decades.

Second-order NLO materials have a promising role in different
fields, including atomic, molecular, solid-state physics, chemi-
cal dynamics, medicine, surface interface sciences, biophysics
and materials science (Eaton, 1991; Zyss and Ledoux, 1994).

Moreover, they are also gaining remarkable importance in
electro-optics-based signal-analysis, fiber optics, telecommuni-
cations and information technology (Breitung et al., 2000;

Kasap and Capper, 2017; Peng and Yu, 1994; Tsutsumi
et al., 1998). Therefore, different efforts are made in modelling
various materials such as inorganic and organic semiconduc-

tors, natural and synthetic nanomaterials, molecular dyes
and polymer systems that show NLO properties (Anthony
et al., 2008; Ivanov et al., 2013; Khoo, 2014; Yamashita,

2011). The organic complexes are considered better options
in NLO materials due to their effortless reaction chemistry,
cheap development, and structural modifications, which help
us change them chemically for a unique NLO response.

Centric compounds with delocalized p-electrons frame-
work adequately participate with substituted donors and
acceptor moieties. Over the past several years, a significant

number of metal-free organic donor–acceptor complexes have
been identified as NLO compounds with p-conjugated linkers
that offer a path for the charge transfer of electron in the pres-

ence of an electric field (Janjua, 2012; Janjua et al., 2014a;
Janjua et al., 2015b; Janjua et al., 2014b). However, the tun-
able absorbance wavelength and quick skeleton modification
using unique substituents, allowing researchers to model the
chemical structure for excellent NLO response (Hochberg
et al., 2006; Kulyk et al., 2017; Spiridon et al., 2015; Sung
and Hsu, 1998). The use of intramolecular charge transfer

(ICT) between electron donator and withdrawal group to build
a new p-donor–acceptor system can minimize the bandgap and
also regulate the transitions utilizing various donor or acceptor

moieties with larger second-order NLO or first hyperpolariz-
ability values (b) (Janjua, 2012; Janjua et al., 2014a; Janjua
et al., 2015b; Janjua et al., 2014b; Janjua et al., 2016).

The synthesis and electronic properties of system (D-p-A)
units with the new p-conjugated system is introduced in our
system consisting of four p-spacers 5,6-diflurobenzo[c]
(Eaton, 1991; Peng and Yu, 1994) thiophene[3,2-b] thiophen-

2-yl)-1,1,1,4,4,4-hexaflurobut-2-ene-2 sulfonic acid, thiophene
benzo[c] and thiazole were used as first p-linker. Tripheny-
lamine (TPA) and acceptor Thienothiophene (TTS) TPA, a

donor unit due to its capacity for electron donation and charge
transfer, are used in many hole transport materials (Long
et al., 2014; Roncali, 2009). Moreover, an excellent linkage

between D and A units could be facilitated by p-linkers whose
huge diversification is present in the literature. Push-pull archi-
tecture has been built by designing D-p-A organic molecules

through assimilation of suitable D, p-bridge, and A units.
So, pull–push arrangements accommodate to decrease charge
recombination, influence charge separation, deepen the
absorption range toward longer wavelength, magnify asym-

metric electronic distribution, decrease HOMO-LUMO band-
gap hence elevated NLO response (Haroon et al., 2017; Janjua,
2012; Janjua et al., 2015a; Janjua et al., 2010).

In the current investigation, we design a number of new
(D-p-A) molecules (DTA1-DTA12) by the modification of first
p-spacers and accepters by using a reference compound JK201

(Khan et al., 2019a; Paek et al., 2010). Based on NLO proper-
ties, we study the efficacy of investigated compounds as effec-
tive NLO compounds. The literature data reveals that the

NLO properties of designed compounds (DTA1-DTA12) have
not been published yet. To fulfill this research gap, DFT calcu-
lations for electronic characteristics, absorption spectrum,
polarizability and first hyper-polarizability values were per-

formed to compute the newly designed dyes. Hopefully, this
research will act as a means to create new metal-free organic
dyes with tremendous NLO properties.

http://creativecommons.org/licenses/by/4.0/
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2. Computational procedure

This present investigation was accomplished to probe the NLO
behavior of newly designed molecules (DTA1-DTA12). Den-

sity functional theory/time dependent-density functional the-
ory (DFT/TD-DFT) computations were used to determine
electronic structures, NLO properties and absorption spectra

(UV–Vis analysis) of DTA1-DTA12. Gaussian 09 program
package (Frisch et al., 2009a) was employed to perform all
computations. By utilizing the B3LYP level of theory and 6-
31G(d,p) basis set, geometrical optimization of all the species

was executed in the gaseous phase (Ali et al., 2020; Khalid
et al., 2020c). The absence of negative frequency confirmed
the stability of optimized geometries. These optimized geome-

tries are then further used to understand the determination of
energy gaps between HOMO and LUMO (FMO analysis), lin-
ear polarizability <a> and hyperpolarizability (btotal) investi-
gation at aforesaid functional and basis set by DFT. Following
equations were utilized for calculating the < a > and (btotal).

< a >¼ 1=3 axx þ ayy þ azz
� � ð1Þ

btotal ¼ bxxx þ bxyy þ bxzz

� �2 þ byyy þ byzz þ byxx

� �2 þ bzzz þ bzxx þ bxyz

� �2h i1=2

ð2Þ

Total ten hyperpolarizability tensors, bxxx, bxyy, bxzz,
byyy, bxxy, byzz, bzzz, bxxz, byyz and bxyz were achieved
as an output from Gaussian file in x, y and z directions. To

determine the absorption spectra, a high functional method
was crucial for D–p–A-type molecules. Therefore, transition
energies were accomplished by TD-DFT utilizing a corrected

version with improved properties of B3LYP, hybrid
exchange–correlation functional using the coulomb-
attenuating method (CAM-B3LYP) along with 6-31G(d,p)

(Yanai et al., 2004). Some software Avogadro (Hanwell
et al., 2012), GaussView 5.0 (Frisch et al., 2009b) and Chem-
Craft (Zhurko and Zhurko, 2009) were utilized to calculate
the results.

3. Results and discussion

This current quantum chemical investigation illustrated the
theoretical design and explored the innovative organic NLO
chromophores. In order to modulate the magnificent NLO
compounds, an organic metal-free synthesized dye named

JK-201 was used, which exhibited appealing NLO properties
(Khan et al., 2019a). Structurally, JK-201 was composed of
three parts: N-(9,9-dimethyl-9H-fluoren-3-yl)-9,9-dimethyl-N-

phenyl-9H-fluoren-2-amine (DMFA) as a donor moiety, 5-me
thyl-2,3-dihydrothieno[3,4-b][1,4]dioxine (EDOT) and 2,5-di
methylthieno[3,2-b]thiophene (TTPH) as 1st and 2nd p-
spacer, respectively, that collectively formed p-conjugated
bridge and end caped acceptor 2-cyanoacrylic acid (CAA) as
an acceptor moiety (Fig. 1a). Literature studies revealed that
for the fine-tuning of interchange transfer properties,

HOMO/LUMO band gap and absorption spectrum, p linkers
and A moiety played significant roles (Khan et al., 2018).
Therefore, we designed an innovative series of metal-free dyes

(DTA1-DTA12) by modulating the1st p-spacer and acceptor
unit while keeping the D moiety and 2nd p-spacer preserve,
with the motivation to gain excellent NLO materials
(Figs. 1a and 1b). In the first four compounds, DTA1 to
DTA4 first p-linker (EDOT) was modulated with FMB,
DMT, FMC and DPT, which possessed more electron richness

and preferable planarity (Khan et al., 2019a) while CAA is
replaced with FBSA. Similarly, compounds DTA5 to DTA8

were tailored by using spacers mentioned above along with

ETAA more powerful acceptor unit. Likewise, molecules
DTA9 to DTA12 were obtained by tailoring the A unit with
ETMN accompanying the above-mentioned p-linker units.

The pictographs of these dyes were displayed in Figs. 2a and
2b. To evaluate how various p-spacers and acceptor units
influenced the NLO properties such as hyperpolarizability
(btotal), polarizability <a>, absorption spectrum and elec-

tronic properties, DFT/TD-DFT study was carried out in
DTA1 to DTA12.

3.1. Frontier molecular orbital (FMO) analysis

To explain the reactivity, possibility of charge transfer and
potential for the light absorption of the molecules, FMO inves-

tigation is a remarkable tool (Peng and Yu, 1994). These fac-
tors are directly related to the bandgap of HOMO/LUMO
orbitals. Herein, HOMO is regarded as an electron donator,

which is the highest electronically filled molecular orbital,
while LUMO is generally attributed as an acceptor and is
empty or unfilled orbital (Chemla, 2012). Molecules with smal-
ler HOMO-LUMO distance are regarded as more reactive, less

stable as well as soft compounds. Such molecules exhibited lar-
ger possibilities for the intramolecular charge transfer (ICT);
hence, more polarized so, will serve as a finer competitor in

offering the best NLO response (Dai et al., 2018; Ferdowsi
et al., 2018b; Nagarajan et al., 2017; Yamada et al., 2018).
In this consideration, energies of HOMO/LUMO, HOMO-1/

LUMO + 1 and HOMO-2/LUMO + 2 of DTA1–DTA12

were calculated, and results were tabulated in Tables S13 (a)
and S13 (b).

Fig. 3 represented that all the derivatives shown lower
HOMO/LUMO energies with smaller bandgap than refer-
ence chromophore except DTA6, which expressed HOMO-
LUMO energies comparable to reference. Further,

Table S13 (a) elucidated that the HOMO/LUMO and
bandgap energy (2.13 eV) of the reference compound
(JK201) was higher (Khan et al., 2019a) than all its

derivatives (DTA1–DTA12). The Eg values of all the
designed dyes were decreasing gradually from 2.07 to
1.84 eV. Among DTA1 to DTA4 compounds with FBSA

as end caped acceptor moiety, the largest Eg value
(2.00 eV) was calculated in DTA2, in which DMT was
used as the first p-linker. This Eg was reduced to
1.98 eV in DTA4, then diminished to 1.97 eV in DTA3

and further becomes lessen to 1.88 eV in DTA1 as the
first p-spacer changes DPT, FMC and FMB, respectively.
The same phenomena was investigated among the ETAA

acceptor unit family (DTA5 to DTA8), the compound
DTA6 with DMT first p-linker exhibited the huge Eg
(2.07 eV). In comparison, the least value was found in

DTA5 (1.93 eV), in which FMB was used as the first
p-bridge. Similarly, DTA9 - DTA12 compounds with
ETMN acceptor decreased in Eg and were observed as

DTA10 > DTA11 > DTA12 > DTA9 as their first p-
linker changes. Nevertheless, it was also examined that



Fig. 1a Sketch map of reference molecule (JK-201) and various acceptors used in the designed compounds.

Fig. 1b The different 1st pi- spacer structures used in the designed compounds.
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the compounds with FMB as the first p-linker exhibited

low bandgap.
On the other hand, DMT first p-spacer species showed a

larger HOMO/LUMO energy difference. Among all the

designed dyes, in compound DTA9, the least Eg was studied.
The combined effect of electron-rich and planar p-linker
FMB (5,6-difluoro-4,7-dimethylbenzo[c] thiadiazole) (Eaton,
1991; Peng and Yu, 1994) and powerful acceptor moiety

ETMN(2-(5-methylene-4-oxothiazolidin-2-ylidene)malononi
trile), collectively reduced the distance between HOMO and
LUMO (1.84 eV) in DTA9 than from its reference dye

(2.13 eV). Overall, calculated Eg of the organic dyes DTA1–

DTA12 was increased in the following order: DTA9 < DT

A12 < DTA11 < DTA1 < DTA10 < DTA5 < DTA3 <

DTA4 < DTA7 < DTA2 < DTA8 < DTA6.
Along with the magnitude of the energy gap of orbitals, the

capability of species to undergo ICT towards acceptor from

the donor through p-spacers is also a significant aspect for
NLO structure–function relationships (Khalid et al., 2020a).
Surfaces of FMOs were utilized to reveal the transfer of
charges, as displayed in Fig. 4 and Fig. S1. In all designed dyes,

the HOMO was predominantly located over the donor DMFA
part and partially on the p-bridge. LUMO charge density was
mainly presented over the terminal acceptor units and partly

over the p-spacers (Fig. 4). Similarly, for HOMO-1, the elec-
tronic cloud is located majorly over the p-bridge and acceptor
units and minorly over the donor part, while for LUMO, it is
concentrated over the acceptor and p-spacers (see Fig. S1).

This facilitation indicated the efficient charge transfer by p-
conjugates from the D moiety towards A unit ensures that all
the analyzed dyes (DTA1-DTA12) would be significant NLO

materials.

3.2. Global reactivity parameters

The Eg (ELUMO-EHOMO) is the most significant factor for the
evaluation of the global reactivity parameters (GRPs) such as
global hardness (g), global softness (r), global electrophilicity
index (x) electron affinity (EA), ionization potential (IP)
(Fukui, 1982) electronegativity (X) and chemical potential (l)



Fig. 2a Structures of designed dyes (DTA1-DTA12).
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(Chattaraj et al., 2006; Lesar and Milošev, 2009; Parr et al.,
1978; Parr et al., 1999). The energy necessary to extract the
electron from the HOMO orbital is equal to the ionization

potential, which expressed the electron-donating and
electron-accepting ability of an atom. This parameter is used
to measure the electrophilic strength of compounds. Further-

more, the HOMO/LUMO energy gap was directly related to
chemical potential, hardness, and compound stability while
inversely associated with reactivity. Therefore, molecules with

smaller Eg were regarded as more reactive, less stable and soft
molecules considered far more polarized and serve as a finer
competitor in offering the best NLO response (Dai et al.,

2018; Ferdowsi et al., 2018a; Khalid et al., 2020a). Thus, global
reactivity parameters are appealing to researchers to conduct
large-scale analysis. The calculated GRP of investigated com-
pounds are shown in Table 1.

Above table elucidated that reference chromophore have
the greater value of hardness (g = 0.039 a.u) as well as chem-
ical potential (l = -0.140 a.u) while greater values for global

softness (r = 12.775 a.u) than all its derivatives. These GRP
results indicated that JK-201 is more stable and less reactive,
hence showed lower NLO response as compared to its deriva-
tives. Interestingly all the designed dyes expressed least values

of hardness (g = 0.034–0.038 a.u) as well as chemical potential
(l = -0.151 to-0.139 a.u) while greater values for global soft-
ness (r = 13.15–14.77 a.u). Among designed compounds,

DTA9 exhibited higher value of softness (14.778 a.u) so, it
shows highest reactivity. The decreasing order of softness;
DTA9 > DTA12 > DTA11 > DTA1 > DTA10 > DTA5

> DTA3 > DTA4 > DTA2 > DTA8 > DTA6. > JK-201.
Hence, all the molecules exhibited higher value of softness
which indicated more reactivity as well polarizability resulting

excellent NLO response.

3.3. UV–Vis spectra

Employing TD-DFT computation, absorption spectra of the

designed compounds have been calculated to understand the
effect of bridging core moieties and acceptor units on spectral
properties. The calculated results of absorption wavelength



Fig. 2b Optimized geometries of investigated compounds (DTA1 – DTA12) at B3LYP/6-31G(d,p) level of theory.
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(kmax), transition energy (Ege), transition moment (Mx
gm), oscil-

lator strength (fos), transitions nature and light-harvesting effi-
ciency (LHE) of the designed compounds (DTA1-DTA12)
were presented in Tables 2.

Table 2 elucidated a significantly close relationship was pre-
sented between experimental and theoretical value, which sup-
ported the selected methodology for DFT analysis was

appropriate enough. Interestingly, all the designed compound
(DTA1-DTA12) exhibited a larger value of kmax than their ref-
erence molecule (JK-201) 484.7 nm (Khan et al., 2019a) except
DTA2 and showed absorbance spectra in the visible region as

shown in the spectrum (Fig. 5). It was seen that kmax values are
greatly influenced by preferable planarity and more electron
richness p-spacer and end-capped electron acceptor motifs,

which in turn push the absorption spectra towards redshift
(Ans et al., 2019; Khalid et al., 2020b; Paek et al., 2010). So,

DTA2 exhibited lower absorption properties due to the poor
electron-withdrawing nature of DMT as no electronegative
atom was presented in its structure compared to other p-
spacers (Figs. 1a and 1b). The simulated spectra of designed
compounds existed between 462.5 and 539 nm. Among all enti-
tled molecules, the larger computed kmax finding was found in

the compounds (DTA11, DTA7 and DTA3) having FMC as
first p-spacer (Table 2) as FMC pspacer enhances the conjuga-
tion hence, stabilized the molecule which in result showed red-
shift. Furthermore, molecules (DTA2, DTA6 and DTA10) with

DMT p spacer exhibited the least value of kmax with the same
acceptor units. Additionally, it was also analyzed that the dyes
with ETMN acceptor units were red-shifted while FBSA

acceptor unit containing molecules exhibited blue shift



Fig. 3 Graphical representation of HOMO/LUMO energies of entitled chromophores.
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(Table 2). The ETMN acceptor had a cyclic structure with a
more powerful electron-withdrawing cyano (–CN) group. Res-

onance due to a five-member ring and strong electron-
withdrawing –CN group (Ali, 2021) enhanced the stability by
lowering the Eg value and show maximum absorption proper-

ties as compared to FBSA, which contain fewer electron-
withdrawing (CF3, SO3H) groups as compared to cyano. The
reducing order for kmax of the designed compounds is:
DTA11 > DTA12 > DTA7 > DTA8 > DTA9 > DTA5

> DTA10 > DTA6 > DTA3 > DTA4 > DTA1 > DTA2.
Transitions in the DTA1-DTA12 were arisen from HOMO to
LUMO, which was according to the principle of most

donor- p-acceptor organic molecules. Chief donation in these
excitations belongs to the HOMO ? LUMO (31–52%) and
HOMO-1 ? LUMO supply (31–51%). So, it was cleared that

by the structural modelling of the parent compound (JK-201)
in 1st p-spacer and acceptor parts, kmax can be enhanced in
derivatives which would be appealing NLO novel dyes.

LHE is a significant component that expresses the optical

efficiency of the designed compounds, which can be obtained
by using fos, provided by the TD-DFT computations. It is con-
sidered that the more excellent photocurrent response is inves-

tigated by the compound, which has greater LHE. Using Eq.
(3), the LHE of the designed dyes was calculated (Xie, 2001)
and results were displayed in Table 2.

LHE ¼ 1� 10�f ð3Þ
Oudar and Chemla formulated a two-state model (Oudar

and Chemla, 1977) extensively utilized in the literature to ana-
lyze NLO response containing the critical excited and ground

state e in sum-over-state expression. In this model, an interac-
tion was formed between the charge transfer transition and
2nd order polarizability, the origin of push–pull architecture
for modelling remarkable NLO compounds.

bCT ¼ Dlgmfgm

E3
gm

ð4Þ

Eq. (4) showed two-state model expression, where (bCT)
first hyperpolarizability, (Dlgm) dipole moment difference,

(fgm) oscillator strength and (E3
gm) cube of transition energy

among ground and mth excited state. Eq. (4) revealed that
bCT directly relates to the product of Dlgm and fgm and inver-
sely related with the transition energy.

So, the molecules with optimum NLO behavior had a lar-

ger magnitude of Dlgm and fgm and smallerE3
gm. Herein, Dlgm,

fgm, and E3
gm were calculated from spectral analysis, and results

were shown in Table 3. The results indicated that among

derivatives, the higher value for E3
gm DTA3 (2.7 eV) was found,

while a smaller value was exhibited in DTA12 (2.3 eV). More-
over, to further enhance the NLO finding, the relationship

between the two-state model (bCT) and btotal values for all dyes
(DTA1-DTA12) is displayed in Fig. 6. The rise and fall in the
graph indicate the effect of different p-spacer and terminal

acceptor units on btotal values related to the rise and fall pre-
dicted by two-level model (bCT) results. It is evident from
Fig. 6 that the btotal values of studied compounds DTA1,
DTA5, DTA6, DTA7, DTA8, DTA10 and DTA11 are in broad

agreement with two-state model (bCT) results which support
our claim of their potential to be used as efficient NLO
compounds.

3.4. Nonlinear optical (NLO) properties

In optoelectronic devices, telecommunication, networking and

signal manipulation, NLO products are extensively utilized.
The optical behavior depends upon the electrical properties
of the entire molecule, which are successively related to the lin-
ear (<a>) and nonlinear (btotal) responses. Furthermore, it

will be entrancing to see how these NLO properties vary with
modifying p-linkers and acceptor units. Herein, NLO
responses of entitled dyes (DTA1-DTA12) were estimated,

and results were displayed in Tables 2 and 3.
Table 3 revealed that the linear polarizability (<a>) values

of the parent compound are lesser (914.08 a.u.) (Khan et al.,

2019a) than its derivatives (DTA1-DTA12). Among all the
designed molecules, the species with FMC as 1st p-spacer
DTA3 and DTA11 exhibited a huge value of <a> 1183.91,

2868.08 and 1391.12a.u., respectively while FMB containing
molecules expressed the least values except DTA5 in the ETAA
family (Table 3). Overall, the investigation revealed that dyes
with ETMN acceptor unit (DTA9-DTA12) manifested an

enormous value of <a> . However, compounds structurally



Fig. 4 The contour of HOMO and LUMO orbitals of the studied dyes.
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tailored with FBSA acceptor moiety (DTA1-DTA4) have the
least linear polarizability values with the same p linkers.
Among all the dyes, the greater value was investigated in
DTA5 (2868.08 a.u), and compound DTA1 exploited a smaller

value (939.89 a.u) for linear polarizability. Nevertheless, aver-
age polarization of all the explored dyes increases in the fol-
lowing order: DTA5 > DTA11 > DTA7 > DTA12

> DTA10 > DTA8 > DTA3 > DTA6 > DTA9 > DTA4

> DTA2 > DTA1.
The literature study disclosed that average polarizability

was affected by energy gap values. It was evident that a smaller
bandgap and larger linear polarizability designated greater
hyperpolarizability, referring to the large NLO values
(Mohankumar et al., 2015; Qin and Clark, 2007). Equation

(5) illustrates the calculation of dipole polarizability (along
the x-axis):

a / ðMgm
X Þ2

Egm

ð5Þ
Herein, Mgm
X represents the transition moment, and Egm

refers to the transition energy between ground!nth excited

state. A direct relationship exists between <a> and Mgm
X

whereas an inverse relation is seen with the Egm. The transition
dipole moment demonstrates the electronic transition effects
and interactions of dyes with certain electromagnetic waves

of the given polarization. Generally, it was investigated that

a molecule with higher Mgm
X value and minor Egm value pre-

sented greater hyperpolarizability values (Khan et al.,

2019b). Therefore, for the assessment of attractive NLO prop-
erties of species, dipole polarizabilities were found as a quanti-
tative estimation. As the first hyperpolarizability endorsed the
estimation of NLO behavior of compounds which was succes-

sively related with the intermolecular charge transfer (ICT)
towards A unit from D moiety via p-linkers. Such interaction
was studied in our designed compounds, as displayed in Fig. 3.

Electron density interacts with the external field, which
enhanced the dipole moment, leading to higher first-order



Fig. 4 (continued)
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hyperpolarizability. The calculated results of second-order

polarizability of entitled dyes were explored in Table S14 while
their graphical representation is done in Fig. 7.

These DFT investigations explained that the calculated 2nd

order polarizability (btotal) for all the designed dyes (DTA1-

DTA12) were more significant than that of their parent com-
pound (JK-201), 104093.90 a.u. (Khan et al., 2019a). Fig. 7
explored that the chromophores with ETMN acceptor moiety

and DPT spacer expressed remarkable btotal values than other
acceptors and spacers units. Further, among FBSA, ETAA
and ETMN terminal acceptor unit families, compounds with

DPT 1st p-spacer DTA4, DTA8 and DTA12 expressed larger
hyperpolarizability174280.17, 188317.42 and 268494.70 a.u,
respectively. Furthermore, these values decrease as the 1st p-
spacer DPT is replaced with FMC.DMT and FMB, respec-
tively. Moreover, it was also examined that dyes with FMB

p-bridge manifested the least values except in the FBSA accep-
tor unit family, in which molecule DTA2 with DMT spacer
explored low value (Fig. 7). Additionally, the dyes with ETMN

acceptor units and the DPT first p-spacer exhibited greater
hyperpolarizability than others. Might be more electron-
withdrawing groups fluoro (-F) on spacer and cyano (–CN)
group on acceptor unit collectively created a robust pull–push

architecture which stabilized the band gap between orbitals
hence showed excellent results. This increase in the hyperpolar-
izability values might be due to the combined effect of power-

ful A units and the delocalized p-electrons that stabilize the
molecule by lowering their orbitals bandgap and enhanced
the polarizability. Overall, the decreasing order for btotal of
all theoretically designed dyes was: DTA12 < DTA11<



Table 1 Computed potential (IP), electron affinity (EA), electronegativity (X), global hardness (g), chemical potential (l), global
electrophilicity (x) and global softness (r) of investigated dyes(DTA1 -DTA12) obtained by DFT method using B3LYP/6-31G(d,p)

level in a.u.

Compound IP EA X g l x r

JK-201 0.179 0.101 0.140 0.039 �0.140 0.250 12.775

DTA1 0.185 0.116 0.150 0.034 �0.150 0.326 14.424

DTA2 0.180 0.106 0.143 0.036 �0.143 0.278 13.573

DTA3 0.176 0.104 0.140 0.036 �0.140 0.271 13.781

DTA4 0.181 0.108 0.144 0.036 �0.144 0.285 13.70

DTA5 0.183 0.112 0.147 0.035 �0.147 0.306 14.090

DTA6 0.178 0.102 0.140 0.038 �0.140 0.258 13.151

DTA7 0.175 0.102 0.138 0.037 �0.138 0.261 13.613

DTA8 0.179 0.104 0.141 0.037 �0.141 0.268 13.411

DTA9 0.185 0.117 0.151 0.034 �0.151 0.339 14.778

DTA10 0.181 0.111 0.146 0.035 �0.146 0.306 14.376

DTA11 0.177 0.108 0.143 0.034 �0.143 0.296 14.476

DTA12 0.182 0.113 0.147 0.034 �0.147 0.315 14.526

Table 2 Computed transition maximum absorption wavelengths (kmax), energy (Ege/eV), oscillator strengths (fos), transition moment

(Dlgm), light-harvesting efficiency (LHE) and transition natures of entitled compounds obtained by TD-DFT method using CAM-

B3LYP/6-31G(d,p) level.

Dye Ege(eV) kmax(nm) fos LHE Dlgm MO transition

JK-201 2.7 484.7 (4 8 1)b 2.0 1 5.2 H !L (47%),H-1!L (41%)

DTA1 2.5 489.0 1.6 1 6.1 H-1!L (32%), H!L (52%)

DTA2 2.7 462.5 2.3 1 6.7 H-1!L (40%), H!L (32

DTA3 2.5 493.1 2.1 1 5.6 H-1!L (32%), H!L (36%)

DTA4 2.5 492.7 2.2 1 5.1 H-1!L (31%), H!L (33%)

DTA5 2.4 513.6 2.3 1 3.8 H-1!L (46%), H!L (42%)

DTA6 2.5 504.8 2.9 1 4.9 H-1!L (51%), H!L (31%)

DTA7 2.3 533.1 2.7 1 5.0 H-1!L (40%), H!L (40%)

DTA8 2.4 527.6 2.8 1 4.5 H-1!L (42%), H!L (36%)

DTA-9 2.4 513.7 2.4 1 4.3 H-1!L (44%), H!L (44%)

DTA10 2.4 507.9 2.9 1 5.3 H-1!L (49%),H!L (32%)

DTA11 2.3 539.0 2.8 1 5.3 H-1!L (39%), H!L (41%)

DTA12 2.3 533.5 2.9 1 4.8 H-1!L (41%), H!L (38%)

H = HOMO, L = LUMO, H-1 = HOMO-1, etc.; Molecular orbitals = MO, b Experimental values in parentheses are from (Khan et al.,

2019a).

Fig. 5 Absorption spectra of entitled compounds

(DTA1- DTA12) obtained by TD-DFT method using CAM-

B3LYP/6-31G(d,p) level.
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DTA10 < DTA9< DTA8 < DTA7 < DTA4 <DTA-3

< DTA6 < DTA1 < DTA2< DTA5.
Additionally, hyperpolarizability findings of our designed

dyes (DTA1-DTA12) were also compared with urea (btotal=43

a.u), an organic reference compound (Kanis et al., 1994) and
found considerably larger in entitled molecules. It was exam-
ined that in all investigated dyes from DTA1 to DTA12, btotal
values were observed to be 3609, 3546, 3816, 4053, 3451, 3713,
4308, 4540, 5333, 5659, and 6244 times higher, respectively
than urea.
4. Conclusions

A series of novel metal-free organic molecules (DTA1-DTA12)

was theoretically designed from JK-201, a recently synthesized
dye. The main object of this work was to elucidate the effect of
various p-conjugated linkers and A units on the electronic,

photophysical and NLO properties of DTA1-DTA12. DFT/
TD-DFT calculations indicated that p-spacers and acceptor



Table 3 Dipole polarizabilities and major contributing tensors (a.u.) of DTA1 – DTA12.

Compounds axx ayy azz <a>

DTA1 1563.94 751.57 504.16 939.89

DTA2 1809.66 846.34 435.09 1030.36

DTA3 1907.18 1037.53 607.03 1183.91

DTA4 1880.96 857.87 406.44 1048.42

DTA5 1936.09 747.39 553.80 2868.08

DTA6 2215.31 893.51 437.34 1182.05

DTA7 2353.53 1092.76 601.90 1349.39

DTA8 2317.13 879.34 436.48 1210.98

DTA9 2037.15 728.01 556.78 1107.31

DTA10 2359.95 877.84 435.79 1224.52

DTA11 2493.03 1092.78 587.55 1391.12

DTA12 2479.37 871.16 426.86 1259.13

Fig. 7 Graphical representation of hyperpolarizability of enti-

tled chromophores.

Fig. 6 Relationship between the btotal values and the corre-

sponding Dlgmfgm/E
3
gm values for investigated compounds (DTA1-

DTA12).
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units were auspicious groups for donor- p-accepter architec-
ture that excellently tuned the whole properties of derivatives.

All species DTA1-DTA12 exhibited a broader absorption spec-
trum in the visible region with reduced Ege, higher oscillation
strength, transition moment and LHE. The maximum batho-

chromic shift was expressed by DTA11 dye (kmax = 539 nm).
Further, the FMO study revealed all the designed compounds
had a narrow bandgap (1.84–2.07 eV) than parent dye JK-201

(2.13 eV). Additionally, GRP was also investigated, which dis-
closed that all the derivatives had minimum global hardness
(g = 0.034–0.038 a.u) and larger softness (r = 13.15–14.77a.
u) values showed that all the molecules were more reactive.

The decreasing order of softness; DTA9 > DTA12 >

DTA11>DTA1>DTA10>DTA5>DTA3>DTA4>DTA2>

DTA8 > DTA6 > JK-201. Nonlinear optical investigation

elucidated that all the investigated molecules have huge hyper-
polarizability (btotal = 148379.11–268494.7074 a.u). Among all
the investigated dyes, the molecule DTA5 has a larger value of

the linear polarizability (4173.381 a.u.), while compound DTA-

12 displayed a large btotal (268494.7074 a.u). Nevertheless, btotal
demonstrated broad agreement with Dlgmfgm/E

3
gmvalues. So

this present NLO compounds are considered an attractive

domain for research. This computational work provides
worthwhile insight for experimentalists to explore these attrac-
tive NLO materials for optics and electronics.
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