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KEYWORDS Abstract The organic compounds with end-capped acceptors obtained much consideration in
Non-fullerene; optoelectronic field owing to their promising electronic properties. Herein, a series of PTMDI1-
D-m-A; PTMD6 conjugated compounds having D-rn-A architecture were designed via structural tailoring
FMOs; including end-capped acceptors in non-fullerene compound (PTMR). The PTMR and its designed
NLO; compounds were used at M06/6-311G(d,p) level for their optimization analysis and subsequently,
NBOs; by using optimized geometries to perform non-linear optical (NLO), frontier molecular orbitals
Structural modeling (FMOs) and natural bond orbitals (NBOs) analyses. The quantum chemical investigations revealed

that all the designed compounds showed significant reduction in band gaps with the range of 1.467—
1.880 eV in comparison to PTMR (2.308 eV). The band gaps were found as PTMR
(2.308) > PTMDG6 (1.880) > PTMDI1 (1.752) > PTMD2 (1.693) > PTMD4 (1.532) > PTMD5
(1.514) > PTMD3 (1.467) with eV in the descending order. Further, density of states (DOS) sup-
ported the results of FMOs study, consequently, according to transition density matrix (TDMs), the
designed chromophores (PTMD1-PTMD6) displayed the transmission of charge effectively. The
PTMD3 showed the maximum value of 4,,,, at 764.627 nm as compared to all the designed deriva-
tives with greater bathochromic shift. The compound PTMD3 showed the highest values of f,
and < y > among all the studied compounds i.e., 7.695 x 10?7 and 1.776 x 107! esu, respectively.
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According to theoretical investigation, the structural modification with different acceptor moieties
played an important role in the context of desirable NLO materials for optoelectronic applications.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Non-linear optics is considered as a significant subject of
science which originates from laser system [1]. NLO materials
have been playing a crucial role in the modern technology
which fulfill the demand of NLO fields [2]. The NLO materials
are greatly utilized owing to their potential applications in
telecommunication, fiber-optics, electro-optics, data process-
ing devices and information technology [3-5]. Evolution of
the NLO materials have become an area of advance research
in both experimental and theoretical studies [6]. In past few
years, massive scientific efforts are made to produce various
NLO materials including synthetic resins, molecular dyes,
inorganic and organic semiconductor diodes. NLO character-
istics of the organic materials are supposed to appear owing to
their intermolecular charge transfer (ICT) which results in
transfer of electrons from donor (D) towards acceptor (A)
via m-spacer. The ICT through D-n-A association of NLO
materials, results in stronger “push—pull” mechanism [7]. The
push—pull mechanism can affect the separation of charges,
amplify the asymmetric electron distribution, expand the pen-
etration range at higher wavelengths, decreass HOMO/LUMO
band gap, and enhanced the NLO response [8-10].

Various structures incorporating D-A, D-n-A, D-n-A-n-D,
A-n-D-n-A, D-n-n-A, D-A-n-A and D-D-n-A are described in
literature [11,12]. Furthermore, explorations of experimental
and theoretical results disclosed that, strong donor “D”,
acceptor “A” and m-spacer moieties may improve the NLO
response [13]. Subsequently, to evaluate the entire electronic
properties and optical potential energy of the compounds, elec-
tronic charge density is considered as a dynamic parameter
[14]. DFT is an influential tool for the analysis of dipole
moment, geometry, vibrational frequency of molecular struc-
tures because of its consistency and accuracy [15]. During
the last fifteen years, the consideration of researchers is shifted
away from inorganic systems because organic compounds have
lower dielectric coefficients and are easy to synthesize [16,17].
Owing to the high molecular susceptibility, thermal stability,
appropriate refinement, intrinsic rapid reaction rates, high
response time and excellent absorption co-efficient, the organic
compounds are considered as required NLO materials [18,19].
A significant amount of research has been carried out to
develop organic NLO materials with significant NLO proper-
ties [20,21]. To enhance the CT capacity, organic systems are
linked with fullerene-based electron withdrawing groups.
Fullerene-based acceptors are electron deficient molecules
along with strong m-aromaticity and have 3D-conjugated
structure which is used to determine the incredible NLO
response, owing to greater charge delocalization and extensive
n-conjugated framework [22-24]. Fullerene-based compounds
have few defects such as poor photo-stability and low absorp-
tion in visible region [25].

Therefore, the interest of scientists is now moved from full-
erene to non-fullerene (NF) compounds owing to their capabil-

ity in modifying structures, widespread electron affinity values,
facile synthesis and tunable energy levels [26]. As NF com-
pounds displayed an excellent stability, therefore, optical and
electronic characteristics of NF-based compounds can be
easily modified for the sake of excellent results [27,28]. The
introduction of numerous electron-deficient groups on struc-
ture of non-fullerene acceptors with prolonged m-
conjugation, the NLO responses of non-fullerene chro-
mophores have been increased. In acceptor moiety, the intro-
duction of cyano group increases electron affinity (EA),
which makes molecular surface electrostatic potential (SEP)
positive and lowers the energy of LUMO [29]. The non-
fullerene molecules having cyano group along with halogens
at the acceptor site showed remarkable NLO behavior [30].
Herein, we took PTIC-4Cl as a parent compound [31] and
changed it into new reference chromophore (PTMR). Keeping
in view the above reports, NF based PTMD1-PTMD6 have
been designed by structural tailoring of PTMR by altering
the one terminal acceptor with a powerful donor (N,N-
dialkylaniline) and other end with different powerful electron
withdrawing acceptor moieties in order to attain strong
push—pull conformation [32,33]. The DFT based NLO studies
for PTMD1-PTMD6 have not been reported yet. By using
computational methods, the NLO properties of the composite
are examined to fulfill the research gap. For this, different
computational analyses such as, maximum absorbed wave-
length (Z,.4,), NBO, FMO, GRP, («), (f,,,) and < y > of ref-
erence compound and its derivatives (PTMD1-PTMD®6) are
performed. It is anticipated with great hope that all the
designed compounds might effectively enhance the perfor-
mance of NLO based materials in modern optical applications.

1.1. Computational procedure

To examine the NLO properties of reference compound
(PTMR) and its derivatives (PTMDI1-PTMD6), quantum
chemical calculations were accomplished at M06/6-311G(d,p)
level functional of DFT. It was reported that the M06 func-
tional was utilized for non-covalent interactions, thermochem-
istry of organometallics, transition metal, nonmetals and
excited states phenomena [34,35]. Further, it was also exam-
ined from literature that Pople John basis sets especially, triple
zeta basis set [6-311G(d,p) (a split-valence triple-zeta basis plus
d, p polarization functions on non-hydrogen and hydrogen,
respectively)] [36] was significantly utilized to explore the
NLO properties of organic system [37,38]. Besides these, a
close harmony between experimental and DFT study was also
investigated at M06 functional and 6-311G(d,p) basis set
[39.,40]. Therefore, these calculations had been carried out via
Gaussian 09 package [41] in association with abovementioned
level and basis set of DFT/TD-DFT in chloroform solvent
whereas, visualization of the outcomes were obtained by using
the Gauss View 6.0 program [42]. Among all the calculations,
FMO, TDM, DOS, UV-Visible, GRPs and E,, investigations
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were done at aforesaid functional and basis set in chloroform
in the presence of time dependent potentials (electric and mag-
netic field) at TD-DFT approach to explore the excitation
energies and photo absorption spectra. Nevertheless, a com-
parison study of absorption properties between gaseous phase
and solvent phase was also performed to check the influence of
media on UV-Vis properties. All other calculations like NBO,
NPA and NLO were accomplished at DFT approach by utiliz-
ing above mentioned functional.

The DOS study was performed to determine the charge
density of designed compounds by using PyMOlyze 2.0 pro-
gram [43]. For NBO analysis, NBO 3.1 package was used by
applying aforementioned level [7]. FMO analysis was per-
formed to determine the energy gap from HOMO to LUMO
[44]. Different software like Chemcraft [45], GaussSum [46],
Multiwfn 3.7 [47] and Avogadro [48] were utilized for the anal-
ysis of results from output files. The dipole moment of all com-
pounds was calculated by the given Eq. (1) [49].

2 2 2 12
po= (uﬁ 1y + uz> (1)

The linear polarizability < « > was evaluated by Eq. (2)
[50].

<a> = 1/3(%& + “,\f’,\' + szz) (2)

With the help of Equation (3) [51] the magnitude of total
first hyperpolarizability was measured.

b= B+ B+ )] ()

Where the tensors (fx = fxxx + Pxyy T Pxozs Py=Pyyy +-
ﬁxxy + ﬁyzza ﬁz = ﬁzzz + .Bxxz + ﬁyyz) were attained by uSing
Equation (3).

The second hyperpolarizability was calculated by using
Equation (4) [52].

<y>=4 /1t (4)

1 ..
Vi = 15 Z(Vij/i + Vi + Vii/j)le ={x,y,z} (%)

J

2. Results and discussion

This research focuses on the theoretical analysis of fullerene
free compounds for wide-ranging NLO outcomes. The struc-
tural modulation of the compounds is done by altering the
A-7 -A type configuration to D-n-A by introduction of differ-
ent acceptor moieties (Scheme 1) showing a strong push—pull
mechanism with larger polarity to boost the NLO features of
designed compounds. The derivatives (PTMD1-PTMD6) con-
tain three fragments: donor, m-linker and acceptors with
greater conjugation length to increase the NLO results.

The parent chromophore (PTIC-4Cl) [31] has an A-n-A
conformation, where hydrocarbon chains n-octyl (CgH,), n-
butyl (C4Ho), n-hexyl (C¢H;3) and ethyl (C,Hs) used to the
support spacer moieties, which are replaced with methyl (-
CH3;) group to overcome computational cost. Consequently,
reference compound (PTMR) is derived from parent com-
pound (PTIC-4Cl) as shown in Fig. 1. By modifying the accep-
tor groups (Figure S2) in PTIC-4Cl a series of compounds,
namely, PTMD1-PTMD6 are designed, as illustrated in Fig-

ure S1. In all the fabricated chromophores, the m-spacer of
PTMR and donor “D” moiety of PTMDI1 remained same.
The optimized structures of studied compounds were displayed
in Figure S4. The actual purpose of the current study is to
design fullerene-free compounds with auspicious NLO behav-
ior. The computations have been carried out to study HOMO/
LUMO band gaps, spectral absorption analysis, polarizability
<a>, first hyperpolarizability (f,, /), second hyperpolarizabil-
ity < y > and NBO analysis by DFT and TD-DFT
approaches of PTMDI1-PTMD6 for the investigation of
NLO properties. The compounds showed a strong push—pull
mechanism with D-n-A configuration that resulted in stronger
intra molecular charge transfer (ICT) properties. Tables S1-S7
illustrates the cartesian coordinates of PTMR and PTMDI1-
PTMD6 while their IPUAC names are displayed in Table S24.

2.1. Electronic structures

The FMO analysis is an important approach to explore the dif-
ferent electronic transitions, optical behavior, chemical stabil-
ity and molecular reactivity of organic systems [53]. The
obtained energy gap (ELumo — Enomo) of investigated mole-
cules is directly related to their kinetic and chemical stability
[54]. The HOMO shows the capability of electrons donation,
while LUMO demonstrates the electron accepting ability
[55]. The molecules having greater Eg,, are perceived as less
reactive, more stable and chemically hard while molecules hav-
ing lower E,,, are examined as highly reactive, less stable and
soft molecules having higher polarizability and exceptional
NLO response [56,57]. The energy gap (Eg,p) sort out the effi-
ciency of the compounds; if a compound has smaller bandgap,
it shows better performance and vice versa [58]. Here, we com-
puted the E,, of investigated compounds at TD-DFT M06/6-
311G(d,p) and the results are given in Table 1, while the ener-
gies of HOMO-1/LUMO + 1, and HOMO-2/LUMO + 2 are
presented in Table S8.

The HOMO/LUMO energies of PTMR are attained to be
—5.828 and —3.520 eV, correspondingly, with a Eg,, value of
2.308 eV. The HOMO energies of PTMDI1-PTMD6 are
—4.987, —4.987, —5.012, —5.008, —5.006 and —5.004, respec-
tively, while the energies of LUMOs are collected as —3.235,
—3.294, —3.545, —3.476, —3.492 and —3.124 eV, correspond-
ingly. The Eg, of PTMDI-PTMD6 is 1.752, 1.693, 1.467,
1.532, 1.514, and 1.880 eV, respectively. All of the derivatives
(PTMDI1-PTMD6) have smaller bandgaps (1.467-1.880 e))
than the reference chromophore (2.308 ¢7).The orbital energy
gap is reduced when the A-n-A pattern is replaced with a D-z-
A pattern, which encourages effective charge transfer [59].

In comparison to reference molecule, the E,, has been
shown to be smaller in PTMD1-PTMD6é6 that may be caused
by the residence of substituents (nitro, cyano and chloro) with
an electron-accepting natured group in the acceptor part. In
PTMDI1, by the alteration of terminal acceptor with donor
group, the energy difference in PTMDI1 is reduced to
1.752 eV because of strong push — pull framework from donor
to acceptor. Furthermore, lessening in energy gap is detected in
PTMD2 (1.693 V) when acceptor group is substituted with 2-
(6,7-dichloro-2-methylene-1-oxo0-1,2-dihydro-3H-benzo[b]cycl
openta[d]thiophen-3-ylidene)malononitrile (MDM). The com-
pound PTMD3 (1.467 ¢V) showed lesser band gap value than
PTMR, which is because of presence of the acceptor (MDP),
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Scheme 1  The sketch map of reference and its fabricated molecules.

Rl = C8Hl7 RJ = C6H13
R,=CHy R;=CH; e
PTCI-4CI PTMR

Fig. 1  Structural modifications of the parent compound (PTCI-4Cl) to reference compound (PTMR).

having strongest electron withdrawing nitro unit (—NO»). In
PTMD4, the band gap (1.532 eV) is found greater than
PTMD3, but lesser than reference molecule, when the — NO,
unit is replaced with the SOs;H group in MDP. As the MDP

Table 1 Calculated FMOs energies and their energy gaps of
PTMR and PTMD1-PTMD6 in eV

Comps HOMO LUMO A E (eV) acceptor is changed with MDC in PTMDS5, where the — SOs;H
PTMR _5.828 —3.500 2308 group is replaced with — CN group, the band gap is narrowed
PTMD1 —_4.987 _3.235 1.752 (1.514 e¢V). The PTMD6 (1.880 el) molecule has smaller
PTMD2 —4.987 —3.294 1.693 energy gap than reference molecule, but greater than the com-
PTMD3 —5.012 —3.545 1.467 pounds PTMD2, PTMD3, PTMD4 and PTMDS5. The
PTMD4 —5.008 —3.476 1.532 decreasing order of band gap for PTMR and PTMD1-PTMD6
PTMDS5 —3.006 —3.492 1.514 is noted as: PTMR > PTMD1 > PTMD2 > PTMD4 > PTMD5
PTMD6 —5.004 —3.124 1.880 > PTMD3. PTMD3 exhibits the lowest band gap out of all
A E = E;uymo-Enomo- entitled structures due to improved conjugation caused by

two strong electron-withdrawing — NO, units. It is found that
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PTMD3 and PTMDS have the most efficient push—pull mech-
anism due to strong with MDP and MDC acceptors, respec-
tively. For the CT, the band gap is an important factor,
smaller the bandgap, higher the charge transfer rate. The coun-
ter surfaces of FMOs, showing CT from HOMO towards
LUMO are illustrated in Fig. 2. and Figure S3 where charge
is efficiently moves from “D” towards “A” as configuration
changes from A-n-A towards D-n-A which illustrate these fab-
ricated chromophores can be significant NLO materials.

LUMO

2.2. Global reactivity parameters

The HOMO/LUMO energy values of entitled chromophores
have been calculated by using TD-DFT method at aforesaid
level to GRPs such as ionization potential (/P) [60], electron
affinity (EA) [61], electronegativity (X) [62], global softness
(o) [63], global hardness (1) [64], electrophilicity index (w)
[65], and chemical potential (u) [66]. Koopmans’s Equations
define these parameters [67]. The following Egs. (5), Eq. (6)
are used to determine /P and EA.

IP = —Enomo (5)

<
“
o

AE=2.308

HOMO

AE=1.752 ¢

HOMO «

AE=1.467

HOMO

PTMD3

LUMO

|

AE=1.514

HOMO

PTMDS

Fig. 2

AE= 1.693

HOMO

PTMD2

PTMD4

LUMO

HOMO

PTMD6

Counter surfaces of FMOs of PTMR and PTMD1-PTMDG6; units in el.
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EA = _ELUMO (6)

Koopmans’s theorem [67] is used to analyze electronegativ-
ity (X), global hardness () and chemical potential (1) as given
in following Equations (7)—(9)

Y= []P —; EA} (7)
_ [IP — EA]
n= Y ()
Enomo+ELum
§= ) o2 (o) (9)

The electrophilicity index (w) and global softness (o) is cal-
culated by following Equations as

1

2

_~
w72;1 (11)

In designed derivatives (PTMDI1-PTMD6) [P (5.012—
4987 eV) values are smaller than reference compound
(5.828 eV), which indicate the easier discharging of electron
thus, the polarization of all the molecules requires lesser
amount of energy than PTMR. Similarly, the designed chro-
mophore PTMD3 has highest value of EA (3.545 eV) which
shows the greater tendency to accept electron due to presence
of acceptor moieties as illustrates in Table 2. The decreasing
order of EA is PTMD3 > PTMR > PTMD5 > PTMD4 >
PTMD2 > PTMD1 > PTMD6. Similarly, the global hardness
of all the designed chromophores (PTMD1-PTMD®6) is found
to be in the range of 0.94-0.733 eV with greater softness values
(0.682-0.532 eV) than the reference compound PTMR
(n = 1.154 and ¢ = 0.433 eV), representing that, the studied
compounds showed greater reactivity with high amount of
polarizability, that enhanced NLO characteristics of the com-
pounds [68]. The decreasing order of global hardness and soft-
ness is as following: PTMR > PTMD6 > PTMD1 > PTMD?2 >
PTMD4 > PTMDS5 > PTMD3 and PTMD3 > PTMDS5 >
PTMD4 > PTMD2 > PTMD1 > PTMDé6 > PTMR, respec-
tively (Table 2).

2.3. Density of states (DOS) analysis

DOS analysis has been accomplished to explain the electronic
pattern of studied compounds (PTMR and PTMD1-PTMD®6),

attained by FMOs study [69]. The DOS investigation revealed
the facts which are explained in the FMOs pictographs. The
electronic charge distribution pattern on the molecular orbitals
is determined by different acceptor moieties which can be
explained by DOS percentage on HOMO-LUMO [70]. The
designed compounds (PTMD1-PTMDG6) are divided into three
fragments, i.e., donor, n-spacer and acceptors as represented in
graphs by red, green and blue colors, accordingly. However,
PTMR is divided into two fragments acceptor and m-spacer
having the A-m-A configuration (see Fig. 3). In this analysis,
acceptor showed the electronic charge distribution pattern of
25.7, 1.1, 1.2, 1.2, 1.1, 1.2 and 1.3% to LUMO and 54.6,
65.8, 82.8, 85.1, 83.2, 84.0 and 80.9% to HOMO for PTMR
and PTMDI1-PTMD6, respectively. The m-spacer contributes
74.3, 14.6, 16.6, 15.1, 14.7, 15.3 and 18.5% to the LUMO
and 45.4, 33.8, 17.0, 14.7, 16.6, 15.8, and 19.0% to the HOMO
for PTMR and PTMD1-PTMD6. The donor contributes 84.3,
82.2, 83.7, 84.2, 83.6 and 80.2% to the LUMO and 0.3% to
LUMO for PTMDI1 and 0.2% for PTMD2-PTMD6, respec-
tively. For PTMR, the highest electron density is concentrated
over m-spacer (green peak) for HOMO and on acceptor (red
peak) for LUMO as indicated in Fig. 3. Further, from the
DOS graphs, it is examined that the HOMO charge densities
of all the designed compounds are mainly present on donor
part and m-spacer as highest peaks of blue and green color
are obtained at —5 el. Similarly, in all the derivatives for
LUMO maximum density is located on acceptor moieties as
indicated by highest red peaks examined at —3.5 ¢}/ on DOS
maps. Nevertheless, small electronic cloud is also study on m-
spacer (green peaks) near the region of —3.5 eV on DOS
graphs (Fig. 3). This calculation has shown that charge is effi-
ciently transferred in all studied compounds from “D” to “A”
through m-spacer.

2.4. UV-Visible analysis

Absorption spectra in UV-Visible range for PTMR and
PTMD1-PTMD6 in chloroform (CHCIl;) solvent and gaseous
phase were conducted. Transition of electrons between
HOMO and LUMO as well as other transitions are found in
UV-Visible spectra are indicated in Table 3. Maximum
absorption wavelength (4,,..), oscillator strength (f,s) and
molecular transition energies of the designed compounds are
depicted in Tables S9 and S10.

In chloroform solvent, maximum absorption wavelength of
764.627 nm is examined in the PTMD3 with excitation energy
and oscillator strength of 1.622 eV and 0.631, respectively,

Table 2 GRP values of compounds PTMR and PTMD1-PTMD6 in eV

Chromophores P EA X n n o c

PTMR 5.828 3.520 4.674 1.154 —4.674 9.465458 0.433
PTMD1 4.987 3.235 4.111 0.876 —4.111 9.646302 0.571
PTMD2 4.987 3.294 4.141 0.847 —4.1405 10.12625 0.591
PTMD3 5.012 3.545 4.279 0.733 —4.2785 12.47823 0.682
PTMD4 5.008 3.476 4.242 0.766 —4.242 11.7458 0.653
PTMD5 5.006 3.492 4.249 0.757 —4.249 11.9247 0.661
PTMD6 5.004 3.124 4.064 0.94 —4.064 8.785157 0.532
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Fig. 3 DOS plots of PTMR and designed compounds (PTMD1-PTMD6).

Table 3 Computed transition energy, wavelength (4,,,,) and oscillator strengths in chloroform solvent.

Compounds A (nm) E(eV) Jos MO Contributions

PTMR 696.540 1.780 3.302 H —» L (95%), H-2 > L + 1 (2%)

PTMD1 655.862 1.890 1.439 H-1 - L 92%), H - L (4%)

PTMD2 621.568 1.995 0.851 H-1 - L + 1(12%),H - L + 1 (84%)

PTMD3 764.627 1.622 0.631 H-1 - L 91%), H-3 - L 3%), H - L (3%)

PTMD4 553.946 2.238 0.796 H->L + 1@89%),H-1 > L + 1(8%)

PTMDS5 553.476 2.240 0.767 H-1 > L + 1@80%),H—>L + 1(10%), H-3 - L 2%)
PTMD6 598.322 2.072 0.912 H-1-L + 1(17%),H - L + 1 (78%)
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which is enhanced by the presence of strongly electron captur-
ing —NO2 group. By using electron withdrawing acceptor moi-
eties, 4,4, 18 increased in the designed compounds as illustrates
in Table 3. Decreasing order of ,,,, is obtained in the order as
PTMD3 > PTMR > PTMDI1 > PTMD2 > PTMDé6 > PT
MD4 > PTMDS. Minimum 4,,,, i.e., hypochromic shift of
553.476 nm with uppermost excitation energy of 2.240 eV is
observed in PTMDS because of the presence of — CN groups.

The absorption spectra (Fig. 4) of all entitled chro-
mophores lie in the visible portion of the spectrum. The calcu-
lated A, (nm) of all the designed derivatives is noted greater
in chloroform than in gaseous phase as depicted in Table S9
which might be due to solvent effect. Depending upon elec-
tronegativity of the various acceptors, the absorption spectra
shift towards longer and then shorter wavelength. As the 4,,,.
is increased the energy band gap is reduced. Lowest transition
energy is observed in the PTMD3 which shows superior trans-
fer of charge from “D” to “A” because of the presence of
strong electron accepting —CN and —NO, groups in the accep-
tor moiety. It is extracted from the above discussion that struc-
tural modeling with different efficient end groups is a
successful scheme to widen the absorption range. PTMD3 with
wider absorption wavelength and lowest transition energy
might prove as an efficient NLO material to be utilized in
future optical applications.

2.5. Natural bond orbitals (NBOs) analysis

NBOs study explain the intra and intermolecular transitions,
charge distribution and nature of bond in the designed com-
pounds [71]. NBO study is also used to explain the transfer
of charge by calculating the natural charges in D-n-A based
compounds between donor and acceptor moieties [72]. Elec-
tronic charge transfer and hyperconjugation from occupied
orbitals to the empty orbitals are involved in the intermolecu-
lar attractions [73]. We have accomplished the NBO study of
designed compounds (PTMD1-PTMD6) to determine charge
density and results are displayed in Table 4.

In reference compound (PTMR), A-n-A framework exists,
whereas the studied compounds (PTMD1-PTMDé6) have D-n-
A configuration. In PTMR, n-spacer has the NBO charge
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value of 0.463, as both the acceptors are same so the charge
value is —0.455, respectively. In comparison to acceptor moi-
ety the donor has a positive value which reveals that it has
an excellent ability to donate electrons. Further, the acceptors
with negative value show the effective electron withdrawing
capabilities. However, m-linkers have positive value which
shows their ability of transfer of charge from “D” to “A” moi-
eties without trapping. Among all studied chromophore
PTMD3 and PTMDS5 exhibited highest positive value of
donors as 0.114.

By NBO 6.0 method [74] the NBO based computations are
carried out at same functional by using DFT-stabilized struc-
tures. In NBO investigation, stabilization energy of com-

pounds can be calculated by using the second-order
perturbation theory with the help of given Equation [75].
2
(Fi)
E(2) = AE; = g~ 12
2) = ABy = 4 s (12)

Where i indicate donor (D), j represent acceptor (A), E®
means energy of stabilization, ¢; and F;; denotes the off-
diagonal and E; and Ej illustrate the diagonal NBO Fock
matrix elements, correspondingly. NBO study was calculated
by utilizing above-mentioned functional on optimized configu-
rations of PTMR and PTMD1-PTMD6é6 are listed in Tables
S11-S17 and selected values are displayed in Table 5.

From Table 5, it is revealed that for reference compound
(PTMR) the maximum value of m — =n* occurred at
33.25 kcal/mol of n (C13-C18) — =n* (C66-C67). However,
least value of transition energy is calculated at 7.89 kcal/mol
for © (C77-C81) - n* (C66-C67). Moreover, ¢ (C45-H47) —
o* (C32-S34) shows uppermost value of ¢ — o* transition at
energy of 10.24 kcal/mol. However, lowest value of o (C14-C
15) —» o* (C18-C66) transition exhibits energy value of
0.5 kcal/mol. The maximum value of transition LP1 — =* is
found at 46.37 kcal/mol by LP1 (N36) — =n* (C11-C12). The
uppermost transition of LP2 — o* is perceived at 21.63 kcal/-
mol by LP2 (086) — o* (C74-C78) as illustrated in Table 5.

For designed chromophore (PTMDI1), highest value of
transition ie. ®1 — w* is detected at 33.82 kcal/mol by =
(C31-C32) — m* (C94-C95). However, lowest value of transi-
tion © (C13-C18) — =n* (C45-C47) is noted at 7.56 kcal/mol
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Fig. 4 UV-Visible absorption spectrum of PTMR and PTMD1-PTMD6 in gas phase (a) and solvent phase (b).
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Table 4 Calculated NBO charges of designed compounds
(PTMD1-PTMD®6).

Compounds Donor m-spacer Acceptors
PTMD1 0.113 0.188 —0.289
PTMD2 0.111 0.117 —0.189
PTMD3 0.114 0.165 —0.279
PTMD4 0.113 0.158 —0.271
PTMDS5 0.114 0.159 —0.273
PTMD6 0.104 0.093 —0.197

energy of stabilization. However, the maximum value of
o — o* is observed at 10.55 kcal/mol by ¢ (C94-H96) — c*
(C32-S34). While lowest value of ¢ — o* transition is detected

at 0.5 kcal/mol by o (C14-N20) - o* (C22-H23). Moreover,
topmost transition such as LP — n* is found at 46.85 kcal/mol
energy by LP1 (N86) — =n* (C41-C42) transition. The maxi-
mum LP — o* value is observed at 21.63 kcal/mol by LP2
(0108) —» o* (C97-C100).

Furthermore, highest value of transition m — w* for
PTMD2 is noticed at 29.06 kcal/mol of © (C31-C32) — n*
(C94-C95) transition. The lowermost value of identical transi-
tion occurs at 0.61 kcal/mol of n (C105-N106) — =* (C103-
N104). Moreover, o (N8-S9) — c* (C3-C4) exposes maximum
value of o — o* at energy value of 8.73 kcal/mol. However,
lowest value of 6 — o* is perceived at 0.52 kcal/mol of transi-
tion ¢ (S107-C108) — o* (C97-C109). The maximum value of
LP — n* is found at 46.74 kcal/mol by LP1 (N36) —» =* (C11-

Table 5 The selected values from NBO analysis of entitled compounds.

Compounds Donor(i) Type Acceptor(j) Type EQ)? EDEG)’ F(i,j)°
PTMR C13-C18 b C66-C67 ¥ 33.25 0.3 0.09
C77-C81 T C66-C67 * 7.89 0.33 0.047
C45-H47 c C32-S34 o* 10.24 0.71 0.076
C14-C15 c C18-C66 c* 0.5 1.26 0.023
N36 LP(1) Cl11-Cl12 * 46.37 0.28 0.106
086 LP(2) C74-C78 o* 21.63 0.75 0.116
PTMD1 C31-C32 b C94-C95 ¥ 33.82 0.31 0.091
C13-C18 b C45-C47 ¥ 7.56 0.32 0.047
C94-H96 c C32-S34 o* 10.55 0.71 0.077
C14-N20 o C22-H23 o* 0.5 1.17 0.022
N36 LP(1) Cl11-C12 ¥ 46.85 0.28 0.107
0108 LP(2) C97-C100 o* 21.63 0.75 0.115
PTMD2 C31-C32 b C94-C95 * 29.06 0.31 0.085
C105-N106 b C103-N104 ¥ 0.61 0.47 0.015
N8-S9 c C3-C4 o* 8.73 1.27 0.094
S107-C108 o C97-C109 o* 0.52 1.23 0.023
N36 LP(1) Cl11-C12 * 46.74 0.28 0.107
099 LP(2) C95-C98 o* 19.42 0.74 0.108
PTMD3 C31-C32 b C94-C95 * 30.77 0.3 0.086
C103-N104 b C105-N106 ¥ 0.6 0.47 0.015
C11-C12 o S34-C35 o* 9.78 0.91 0.085
C14-N20 o C22-H23 o* 0.5 1.17 0.022
0120 LP(3) N119-0121 * 159.51 0.18 0.153
099 LP(2) C97-C98 o* 21.38 0.75 0.114
PTMD4 C112-C113 T S107-C108 * 29.25 0.2 0.08
C103-N104 T C105-N106 ¥ 0.6 0.47 0.015
C11-C12 o S34-C35 o* 9.8 0.91 0.085
S117-0120 c C112-S117 o* 0.5 1.18 0.023
N36 LP(1) C30-C31 ¥ 39.96 0.31 0.099
0119 LP(3) S117-0118 o* 29.02 0.45 0.103
PTMDS5 C31-C32 T C94-C95 ¥ 30.57 0.3 0.086
C98-099 b C94-C95 * 3.46 0.43 0.037
CI11-C12 o S34-C35 o* 9.77 0.91 0.085
C12-S17 o Cl11-C12 o* 0.5 1.19 0.022
N36 LP(1) Cl11-C12 ¥ 47.15 0.28 0.107
099 LP(2) C97-C98 o* 21.28 0.75 0.114
PTMDé6 C31-C32 T C94-C95 ¥ 28.17 0.31 0.084
C98-099 b C97-C100 ¥ 4.89 0.42 0.045
Cl11-C12 c S34-C35 c* 9.73 0.91 0.084
C105-N106 c C96-C102 o* 0.5 1.65 0.026
N36 LP(1) Cl11-C12 * 46.59 0.28 0.106
099 LP(2) C97-C98 o* 21.06 0.75 0.114
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C12). While highest value of transition LP — o* is found at
19.42 kcal/mol value of energy by LP2 (099) — c* (C95-C98).

For PTMD3 compound the highest value of 1 — =* is
observed at 30.77 kcal/mol by transition © (C31-C32) — n*
(C94-C95). While lowest value is found at 0.6 kcal/mol energy
value of © (C103-N104) — =* (C105-N106). However, the
highest value of energy of stabilization of o — o* transition
is found at 9.78 kcal/mol by o (C11-C12) —» o* (S34-C35).
The lowest value is found at 0.5 kcal/mol by o (C14-N20) —
o* (C22-H23). The maximum value of LP — 7* is detected
at 159.51 kcal/mol of LP3 (0120) —» n* (N119-O121). Maxi-
mum value of LP - o* is found at 21.38 kcal/mol by LP2
(099) - o* (C97-C98) transition.

For studied compound (PTMD4) maximum value of tran-
sition m1 — 7* is perceived at 29.25 kcal/mol of © (C112-C113
) — m* (S107-C108). For same transition the lowest value of
energy of stabilization is observed at 0.6 kcal/mol of =
(C103-N104) — m* (C105-N106). Moreover, uppermost value
of transition for ¢ — o* transition is found at 9.8 kcal/mol of
c (C11-C12) —» o* (S34-C35). The lowest value of ¢ —» o*
transition is found at 0.5 kcal/mol of o (S117-0120) —» o*
(C112-S117). However, LP1 (N36) —» =* (C30-C31) exposes
maximum value of transition LP — x* with value of
39.96 kcal/mol. The highest value of LP — o* is detected at
29.02 kcal/mol by LP3 (O119) —» o* (S117-O118).

For compound (PTMDS5) highest value of 1 — 7* transi-
tion is found at 30.57 kcal/mol of n (C31-C32) —» =* (C94-
C95). However, lowest value of same transition is attained at
3.46 kcal/mol by 1t (C98-099) — ©t* (C94-C95). The maximum
value of o — o* is found at 9.77 kcal/mol by transition o (C11-
C12) —» o* (S34-C35). The lowest value is exposed by o (C12-
S17) - o* (C11-C12) at 0.5 kcal/mol energy of stabilization.
The maximum value for LP — 7* is found at 47.15 kcal/mol
by LP1 (N36) —» n* (C11-C12). While highest value of the
transition LP — o* is observed at 21.28 kcal/mol by LP2
(099) - o* (C97-C98).

For PTMD6 highest value of transition 1 — ©* is perceived
at 28.17 kcal/mol by © (C31-C32) — 7* (C94-C95). Whereas
the lowest value of is detected by © (C98-099) — n* (C97-
C100) at energy of 4.89 kcal/mol. However, maximum value
of 6 - o* is found at 9.73 kcal/mol by o (C11-C12) - o*
(S34-C35). While lowest value of ¢ — o* is revealed at
0.5 kcal/mol by o (C105-N106) — o* (C96-C102). Moreover,
LP1 (N36) — n* (C11-C12) exposes the highest value at energy
of stabilization of 46.59 kcal/mol. The uppermost value of
same transition is found at 21.06 kcal/mol by LP2
(099) —» o* (C97-C98).

The increasing stability order of investigated compounds is
noted as:
PTMD6 < PTMD2 < PTMD4 < PTMD5 < PTMR < PTMDI.
The designed compound PTMDI1 shows the highest stability as
compared to all other designed and reference compound. Sub-
sequently, the NBO investigation of studied compounds
exposed that enrichment in hyper-conjugation and the greater
ICT plays a vital role in stabilizing the studied compounds.

2.6. Transition density matrix (TDM)

TDM analysis is a significant tool to study the transfer of
charge and mode of interface among acceptor, donor and m-
spacer fragments in all the compounds (PTMR and PTMDI1-

PTMDG6) [68]. The TDM of designed compounds has been
computed at M06/6-311G(d,p) level of theory. TDM helps to
explain the position of charge transfer within molecule and
during excitation, the transitory position of electrons and holes
within the molecule are determined. Due to minute effect of
hydrogen atoms in electronic transition, their effect is com-
pletely neglected. The TDM heat map is 2D colored plot
between number of atoms along abscissa (x-axis) and electron
density distribution along y-coordinate. All the designed com-
pounds are split into three fragments such as donor, n-linker
and acceptor in order to depict the TDM properties. In
TDM analysis, heat maps comprising band of colors represent
the charge transfer from ground to excited state. In all the
designed chromophores (PTMD1-PTMDG6), TDM heat maps
elucidate diagonal transmission of charge from electron donat-
ing to electron accepting part through n-spacer. The maximum
electronic charge density is perceived at donor and significantly
at acceptor and very minute at m- spacer which represents
charge transfer without trapping which in turn enhance NLO
response (Fig. 5).

However, in order to calculate charge shifting in studied
compounds, the electron-hole coupling is also considered. In
PTMR the hole transition is found at m-spacer part having
maximum charges (0.223) as given in Figure S5. In investigated
compounds i.e. PTMDI1, PTMD2, PTMD5 and PTMDG6 the
highest electron transition is detected in “A” moiety at C59,
C61, C57, 062 due to extended acceptors. In PTMD4 and
PTMD3 two transitions are observed, in PTMD4 both transi-
tions are in acceptor part at C57 and C60, while in PTMD3 the
first transition is in “A” moiety whereas the second transition
is in “D” part at N38 (Figure S5).

2.7. Exciton binding energy (E,) analysis

Binding energy (E,) is an excellent tool for the assessment of
electronic properties of chromophores. Lesser the binding
energy, lesser the columbic force among the hole and electron
that allows for increased exciton separation in the excited
state. Ej, is determined by the difference of HOMO-LUMO
band gap and first exciton energy, as given in Eq. (13) [76].

Eb = EH—L - Eop/ (13)

The acquired results of Ej, indicates that PTMDS chro-
mophore can be simply separated into isolated charges and
has the highest charges flow rate because of having smallest
value of Ej,. All designed chromophores (PTMD1-PTMD6)
demonstrate the greater dissociation of charge and have lesser
excitation £, than PTMR (Table 6). The pattern of increasing
binding energy for all chromophores is:
PTMDS5 < PTMD4 < PTMD2 < PTMD6 < PTMD3 < PTM-
D1 < PTMR. These results of E, values for compounds
(PTMDI1-PTMD6) are in good agreement with TDM analysis.
To summarize the findings, the compounds have lower binding
energy values that support higher polarizability in chro-
mophores which might be anticipated as appropriate con-
stituents for utilizing them in the NLO field.

2.8. Nonlinear optical (NLO) properties

Over the last few years, significant improvements have been
achieved in the field of NLO because of their numerous uses
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Fig. 5 TDM graphs of PTMR and PTMD1-PTMDé.
in optoelectronics [77]. Generally, organic compounds in the electrochemical sensors [82]. The root for developing NLO
field of NLO materials have gained the potential improve- response in organic molecules is unsymmetrical polarization,

ments [78] in optical devices [79], photonic devices [80], pho- resulting from push—pull designs of chromophore. The NLO
tonic materials [81], ultrafast optical signal processing and in behavior is determined by the nature of acceptor and donor
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Table 6 The computed Ey.i, E, and E,, of studied
compounds.

Compounds Ey.p E,pe E,
PTMR 2.308 1.780 0.528
PTMD1 1.752 1.890 —0.138
PTMD2 1.693 1.995 —0.302
PTMD3 1.467 1.622 —0.155
PTMD4 1.532 2.238 —0.706
PTMD5 1.514 2.240 —0.726
PTMD6 1.880 2.072 —0.192
Units in eV.

groups, that are linked by n-spacer [83]. The NLO parameters
i.e. Won (), Pior, and < y > of entitled compounds are listed
in Table 7, while their respective tensors are discussed in detail
in Tables S18-S23.

According to literature survey, urea is known as standard
for the investigation of dipole moment and first hyper-
polarizability. The dipole moment of all studied compounds
is larger than that of urea molecule (1.373 D) [84]. PTMD4
exhibited largest dipole moment (25.417 D) than all the inves-
tigated chromophores. However, decreasing order of dipole
moment is PTMD4 > PTMDé6 > PTMD1 > PTMD3 >
PTMD?2 > PTMDS5 > PTMR. Likewise, the descending order
of average linear polarizability of the designed chromophores
is: PTMD4 > PTMD3 > PTMD5 > PTMR > PTMD2 >
PTMDI1 > PTMD6. The modified compound PTMD4 exhib-
ited the topmost average polarizability value of 2.773 x 10*2
esu. This is due to presence of two -SO3zH groups that increase
electronic charge density close to acceptor moiety and enhance
electron accepting capability of the compound. The linear
polarizability tensor along x-axis is more dominant in PTMR
(5.708 x 107? esu) while o, and o.. are more prominent in
PTMD5 and PTMD4 with value of 2.307 x 10 and
8.838 x 107 esu as shown in Table S19. According to litera-
ture survey, polarizability of molecule is affected by the A E
between HOMO and LUMO.

The f,,, usually enhanced with increase in the strength of
electron withdrawing substituents like chloro, nitro, cyano
and fluoro groups, contributing to the nonlinear response of
chromophores. Furthermore, the descending order of f,,, of
all the designed chromophore is: PTMD3 > PTMDS >
PTMD4 > PTMDI1 > PTMD2 > PTMDé6 > PTMR. From
all the designed chromophores, peak value of f,,, is found in
PTMD3 (7.695 x 1077 esu) as it has strong electron with draw-
ing units (-NO,) than other compounds. The decrease in the

value is seen in PTMD5 (7.093 x 10?7 esu) when nitro group
is replaced with —CN group. The < y > parameter shows sig-
nificant role to determine the NLO behavior of compounds.
Among all the designed compounds, the larger value of
< y > is perceived in PTMD3 and the maximum < y >
response is examined along x-axis as presented in Table S21.
Among the different tensors, y. showed the larger and more
prominent values in PTMD3 (8.622 x 10* esu) in contrast
to other tensor components. The descending order of second
order hyper-polarizability (<y > ) for designed compounds
is: PTMD3 > PTMD5 > PTMD4 > PTMDI1 > PTMD2 >
PTMD6 > PTMR. This showed that greater charge is trans-
ferred along z-axis, which characterizes primary diagonal ten-
sor as given in Table S21. Moreover, it can be understood from
the above study that different acceptor units with n-
conjugation are played an amazing role and produced NLO
materials with remarkable properties. Particularly, PTMD3
with notable NLO characteristics is the most favorable mole-
cule to make productive NLO materials.

2.9. Natural population analysis

The NBO atomic charges play a significant role for quantum
chemical study of investigated compounds. Dipole moment,
electronic structure, electromagnetic spectra, and NLO proper-
ties are widely-known observables of any chemical structure
that developed direct connection with the atomic charges of
that organic system [l]. The charges of investigated com-
pounds (PTMR and PTMD1-PTMD6) have been determined
at abovementioned functional. The graphs of NPA are given in
Figure S6.

Furthermore, it is demonstrated that, H-atoms have net
positive charges, though carbon possess negative and positive
charges. Nitrogen is present in PTMR and PTMD1-PTMD6
and has maximum negative charge. Similarly, oxygen is also
present in all entitled organic systems, contains negative
charges, whereas maximum negative charge is observed at oxy-
gen in PTMR and PTMDA4. Natural population analysis is a
successful strategy to obtain idea about the reactivity as all
the designed compounds possess proficient charge transfer
mechanism thus appeared as NLO materials.

3. Conclusion

Herein, a series of chromophores (PTMDI1-PTMD6) have
been designed via utilizing N, N-dialkylaniline as a donor moi-
ety having auspicious properties of electron donation and fixed
n-spacer along with different acceptor units in reference com-

Table 7 Investigated .., (&), 10 and < y > values of designed compounds.

Compounds ot (o) X107 Broe x 1077 <y> x1072
PTMR 2.410 2.679 0.685 4.331
PTMDI1 22.886 2.618 5.791 9.770
PTMD2 21.627 2.629 4.947 8.430
PTMD3 21.889 2.772 7.695 17.76
PTMD4 25.417 2.773 6.758 13.81
PTMDS5 21.267 2.763 7.093 15.13
PTMDG6 23.469 2.463 3.689 5.160

p units are in D, (o), fior and < p > units are in esu.
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pound (PTMR). The prospective of this research was to com-
municate the NLO response (<a>, f5,,, and <y > ) of
PTMDI1-PTMD6. The A E order is attained as PTMR >
PTMDI1 > PTMD2 > PTMD4 > PTMD5 > PTMD3. In
UV-Vis spectra, the maximum absorption wavelength i.e.
764.627 nm is examined in PTMD3 with 1.622 ¢V and 0.631
values of excitation energy and oscillator strength, respec-
tively. The results of E, revealed that, PTMDS5 can be easily
separated into isolated charges because of lowest binding
energy value. The values of < o>, f8,,;and <y > are obtained
to be higher for designed compounds than PTMR. Among
designed ones, the compound (PTMD3) shows the greater val-
ues of fior and < y> (7.695 x 1027 and 1.776 x 107! esu). In
contrast to urea the designed compounds showed remarkable
NLO response. The development of D-7-A compounds having
donor and acceptor terminals may lead to the significant role
in NLO materials. Furthermore, from the preceding discussion
it is derived that tailored D-n-A based compound might exhi-
bit excellent properties in NLO field. These findings of
PTMDI1-PTMD6 may contribute comprehensive insights in
NLO based research.
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