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Introduction

Structural parameter-modulated nonlinear optical
amplitude of acceptor—mt—D—-m—donor-configured
pyrene derivatives: a DFT approachy

Muhammad Khalid, @ *2 Hafiza Munnazza Lodhi,> Muhammad Usman Khan @
and Muhammad Imran®

In the present study, organic pyrene-based derivatives were selected for NLO investigation. The reference
compound named methyl (E)-2-cyano-3-(5-(pyren-1-yl)thiophen-2-yl)-3-acrylate (MCPTR) was taken for
the design of its derivatives, abbreviated from MCPTD1 to MCPTD8 compounds. The nonlinear optical
(NLO) properties, frontier molecular orbitals (FMOs), natural bonding orbital (NBO), and UV-vis analyses
of molecules (MCPTR-MCPTD8) were executed by MO06 level with 6-31G(d,p) basis set. The UV-vis
investigation showed that all designed compounds exhibited a redshift, and the maximum wavelength
was studied in MCPTD7 (832.330 nm). The HOMO-LUMO band gaps of MCPTD1-MCPTD8 were found
to be smaller as compared to those of MCPTR (3.210 eV). The global reactivity information was
correlated with band gap values; MCPTD7, having a lower band gap, exhibited smaller hardness values
(0.0321 Ey) with larger softness values (15.5763 E;). The natural bond orbital analysis (NBO) helped to
elucidate the hyper conjugative interactions, along with the stability and electron-transfer process. The
dipole moment (u), average polarizability («), first hyperpolarizability (8,ec) and second hyperpolarizability
(y) were computed for MCPTR-MCPTD8. Consequently, all designed compounds (MCPTD1-MCPTD8)
possessed greater NLO responses than the reference compound (MCPTR). Interestingly, MCPTD7
showed a smaller energy gap and remarkable NLO response among MCPTD1-MCPTD8 compounds.
The highest uiota (@), Bvec and () values for MCPTD7 were observed as 7.200, 2.40 x 10722 esu, 2.84 x
107%7 esu and 8.6024 x 107 esu, respectively. Aptitude towards the NLO material relied upon the
position of different groups, the conjugated system donor and acceptor regions. The high NLO response
reveals the fact that this class of pyrene-based derivatives with a thiophene linker has remarkable
contributions towards NLO technological applications.

in promising NLO responses.>® The non-centrosymmetric 7-
conjugated spacer compounds boost the charge transfer

Organic compounds with donor-m-bridge-acceptor (D-7t-A)
configuration showed excellent nonlinear optical (NLO) prop-
erties employed in various areas of research like molecular
switching, optical modulation/memory, laser, biophysics and
surface interface science.’ Organic NLO compounds have
advantages over the inorganic based on their enhanced elec-
tronic penetration, larger molecular polarizability and rapid
response times.* The m-based electronic delocalization permits
organic compounds to exhibit rapid response times, resulting

“Department of Chemistry, Khawaja Fareed University of Engineering & Information
Technology, Rahim Yar Khan, 64200, Pakistan. E-mail: muhammad.khalid@kfueit.
edu.pk; Khalid@igq.usp.br

*Department of Chemistry, University of Okara, Okara-56300, Pakistan

‘Department of Chemistry, Faculty of Science, King Khalid University, P.O. Box 9004,
Abha 61413, Saudi Arabia

T Electronic  supplementary
10.1039/d1ra00876e

information  (ESI) available. See DOL

© 2021 The Author(s). Published by the Royal Society of Chemistry

process among electron-donors (D) and acceptors (A), accom-
plishing 1%, 2"¢ and 3™ order nonlinear amplitudes. The NLO
materials have demonstrated large intramolecular charge
transference (ICT), transmission of donor-acceptor m-clouds via
m-linkers, higher ground electronic state dipole moments,
along with excited transition states.”” In order to compute the
structural and electronic characteristics, the HOMO and LUMO
band gap greatly influenced the charge transfer in these
compounds.”™ The HOMO and LUMO properties of
compounds can be changed by altering conjugation, and their
NLO response may be improved with a reduction of the band
gap. Appropriate donors, acceptors and m-linker arrangement
play a significant role in the band gap reductions for the
designed organic compound.**** Therefore, it is essential to
establish such D-m-A-configured compounds containing
promising NLO responses. DFT studies were executed to obtain
a comprehensive understanding of the NBO, FMO and UV-vis
analysis.
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The pyrene structure has a solid m-electron delocalization
and fluorescent property because of its planar aromatic
features. Its solid structure is based upon the two-dimensional
geometry having a strong tendency toward m assembly, and the
great variation in functional groups onto graphite, fullerenes'>*®
and graphene'”'® make it attractive towards NLO applications.*
We have designed an appropriate donor-m-spacer-acceptor of
pyrene-based molecules containing an acceptor (cyano vinyl
ester) allied to pyrene centered by thienyl or phenyl conjugating
linkers.*?® These structural variations give promising NLO
results towards pi spacer end capped donor-acceptor frame-
works.”** These compounds may receive significant interest in
their optoelectronic applications in the zone of photonic
gadgets, sensors and optical exchanging.”® These computa-
tional methods have become a great curiosity in NLO contain-
ing a D-m-A system within pyrene-based compounds. The
literature is overwhelmed with various structures, including
donor-acceptor, donor-m-spacer-acceptor, acceptor-m-spacer-
donor-m-linker-acceptor, donor-m-linker-acceptor-m-spacer—
donor, donor-acceptor-w-acceptor and donor-donor-rm-
acceptor.”® The extent of m-conjugation and the nature of
substituents strongly affect the NLO response of the mole-
cules.”®* Experimental and theoretical research studies
enhanced the NLO response, which is created through partici-
pation of strong donor and acceptor groups on one of two sides
of a suitable w-conjugated structure. The pyrene units
embedded from both sides with electronegative substituents
will lead to surprising bathochromic shifts in the optical tran-
sitions. After halogen substitution, a decline occurs in the pyr-
ene transition energy because of uneven stabilization of the
HOMO, exhibiting reduced orbital coefficients within the ring.
The more strongly electron-withdrawing cyano entity is pre-
dicted to further red-shift the transitions of pyrene. Electro-
negative substitution impacts the electronic properties of the
parent molecule to a much greater extent than assumed.?® The
main objective towards NLO applications is the discovery of
extremely active compounds with large second-order polariz-
abilities (8), and hyperpolarizability that relates with the intra-
molecular charge transference (ICT) of the compounds. The
experimental and theoretical analyses revealed that excellent
second order NLO properties arise because of the D-7t-A system
planarity, auxiliary donors, donors, and acceptor units, and the
m-electron twisted model. These findings stimulated towards
the second and third order NLO responses of pyrene-based
compounds that are explored in the current findings. This is
the first detailed DFT calculations, electronic, and NLO
responses of D-m-A pyrene system compounds, and these
finding may provide valuable outcomes in order to acquire new
pyrene-based NLO compounds. The third-order NLO computa-
tions designed a remarkable series of pyrene derivatives with
representative donor-m-acceptor structures.

Computational procedure

DFT calculations were executed to obtain the electronic prop-
erties, absorption spectra and NLO properties of pyrene-rooted
compounds. In recent work, quantum chemical studies of
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MCPTR and designed compounds MCPTD1-MCPTD8 were
done by M06/6-31G(d,p) level using the Gaussian 09 program
package.” The Gaussian 09 embedded NBO 3.1 program
package was used for natural bond orbital (NBO) analysis by
applying the aforesaid level of DFT and basis set. Similarly,
M06/6-31G(d,p) level of TD-DFT was also employed for FMO
analysis and UV-vis spectral analysis. It is used in determining
photophysical properties. Gauss View 5.0 was used for orga-
nizing input files.** Furthermore, Gauss View 5.0,** Avogadro®
and Chemcraft* were used for the interpretation of the output
results. The dipole moment was calculated by eqn (1).*

p=(ud + )’ +u)" (1)
The average polarizability («) was determined with eqn (2).**
<Oé> = 1/3(axx + [2%% + azz) (2)

Analysis of the Gaussian output file yielded ten hyper-
polarizability tensors oriented along the x, y, and z directions:
Burxxs Bxyy; Bixzzs Byyy» Bxxy; 5yzz; Bzzzy Buxzs ﬂyyz’ ﬁxyz- The magnitUde
of the total first hyperpolarizability (8..) was calculated with the
help of eqn (3).**

ﬁvec = [(ﬁxxx + lgxyy + 6)::2)2 + (ﬁyyy + 6)122 + 6yxx)2 + (ﬁzzz + ﬁzxx +

B (3)

The second hyperpolarizability was determined with the
help of eqn (4).**

<'Y> = l/S[Yxxxx + Yyyyy + Vo t 2(Yxx,\'x + Yyyyy + ::zz)] (4)

Results and discussion

This NLO study was investigated using the theoretical designing
of NLO-active pyrene-based derivatives with efficient configu-
ration of D-m-D-m-A-type. The designed compounds have the
following parts: acceptor (methyl cyano), m-conjugated linkers
(thiophene), and donor (pyrene). The properties of the entitled
chemical systems were altered by applying some structural
modifications, such as acceptors and m-conjugated linkers. In
particular, the following computed parameters: (i) linear
polarizability («), (ii) first hyperpolarizability (8), (iii) second
hyperpolarizability (y), (iv) absorption wavelength, (v) NBO
transitions and (vi) HOMO-LUMO energies were obtained to
a remarkable extent.

Usually, theoretical and experimental investigations suggest
that a significant NLO response can be achieved through the
unification of strong donor and acceptor groups at the periph-
eral ends of a w-conjugated system." In the recent study, we used
the original compound named methyl (E)-2-cyano-3-(5-(pyren-1-
ylthiophen-2-yl)acrylate with D-m-A configuration, which is
abbreviated as MCPTR." The designed series of NLO-based
compounds were developed by structural modeling of MCPTR
by modification of the acceptor. First of all, we designed
MCPTD1 from the parent molecule (MCPTR) by keeping the D-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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7 part preserved, as taken from the parent molecule (MCPTR),
and introducing a pyren-1-yl moiety as a donor and thiophen as
T-spacer units before the acceptor. Furthermore, this MCPTD1
was used to design MCPTD2-MCPTD8 compounds by modu-
lating the end acceptor (Scheme 1 and Fig. 1). Thus, the newly
designed compounds consisted of IUPAC names and their
abbreviations as hexyl (E)-3-(5-(6-(5-(4-(bis(9,9-dimethyl-9H-
fluoren-3-yl)Jamino)phenyl) (MCPTD1), thiophen-2-yl)pyren-1-yl)
thiophen-2-yl)-2-cyanoacrylate. (MCPTD2): (Z)-2-(2-((5-(6-(5-(4-
(bis(9,9-dimethyl-9H-fluoren-3-yl)amino)phenyl)thiophen-2-yl)
pyren-1-yljthiophen-2-yl)methylene)-3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile. (MCPTD3): (Z)-2-(2-((5-(6-(5-(4-
(bis(9,9-dimethyl-9H-fluoren-3-ylJamino)phenyl)thiophen-2-yl)
pyren-1-yl)thiophen-2-yl)methylene)-5,6-difluoro-3-oxo-2,3-dihy-
dro-1H-inden-1-ylidene)malononitrile. (MCPTD4): (Z)-2-(2-((5-
(6-(5-(4-(bis(9,9-dimethyl-9H-fluoren-3-ylJamino)phenyl)thio-
phen-2-yl)pyren-1-yl)thiophen-2-yl)methylene)-4,5,6-trifluoro-3-
0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile. (MCPTD5):
(2)-2-(2-((5-(6-(5-(4-(bis(9,9-dimethyl-9H-fluoren-3-ylJamino)
phenyl)thiophen-2-yl)pyren-1-yl)thiophen-2-yl)methylene)-5,6-
dichloro-3-oxo0-2,3-dihydro-1H-inden-1-ylidene)malononitrile.
(MCPTD6): (Z)-2-(2-((5-(6-(5-(4-(bis(9,9-dimethyl-9H-fluoren-3-yl)
amino)phenyl)thiophen-2-yl)pyren-1-yl)thiophen-2-yl)methy-
lene)-4,5,6-trichloro-3-ox0-2,3-dihydro-1H-inden-1-ylidene)
malononitrile. (MCPTD7): (Z)-2-((5-(6-(5-(4-(bis(9,9-dimethyl-
9H-fluoren-3-ylJamino)phenyl)thiophen-2-yl)pyren-1-yl)thio-
phen-2-yl)methylene)-1-(dicyanomethylene)-3-oxo-2,3-dihydro-
1H-indene-5,6-dicarbonitrile. (MCPTDS8): (2)-2-(2-((5-(6-(5-(4-
(bis(9,9-dimethyl-9H-fluoren-3-yl)amino) phenyl)thiophen-2-yl)
pyren-1-yl)thiophen-2-yl)methylene)-3-ox0-2,3-dihydro-1H-
cyclopenta[b|naphthalen-1-ylidene)malononitrile. The chem-
ical structures of these studied compounds (MCPTR, MCPTD1,
MCPTD2, MCPTD3, MCPTD4, MCPTD5, MCPTD6, MCPTD7
and MCPTDS8) are displayed in Fig. 1. It is expected that this
work will trigger further research studies on their synthesis and
analysis of their marvelous effects in terms of proficient NLO
materials. Moreover, the optimized compounds are shown in
Fig. 2.
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Electronic structure

Frontier molecular orbitals (FMOs) contain two main orbitals;
HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital).>®* FMOs help in explaining the
chemical affinity and interaction of the designed molecule with
other moieties.* It also helps us to deduce the reactive sites in
any m-electron systems.'”***” The FMOs energy gap (Egp =
Erumo — Enomo) elucidates the electron transference properties,
reactivity, hardness and softness of the molecule.?® The higher
value of Eg,, for molecules indicates more stability, less chem-
ical affinity and greater hardness value, which means that they
may cause a change in the electronic arrangement.*” In contrast,
a molecule that is soft with high reactivity and low stability has
a smaller Eg,, value. Moreover, the Eg,, is regarded as a basic
characteristic for analyzing the NLO properties. The HOMO is
located on such orbital having an electron-donating tendency,
while the LUMO is considered as the orbital that is partially
filled, having an electron-accepting tendency.” The decreased
HOMO-LUMO band gap, which can be highly polarizable, can
elevate the NLO response.’”** FMO analysis of MCPTR and
MCPTD1-MCPTDS8 was carried out, and the results are collected
in Table 1.

Table 1 shows that the parent molecule has calculated values
of HOMO/LUMO at 2.557/—5.767 eV, which is in close accor-
dance with the experimentally determined HOMO/LUMO
values of —2.780/—5.730 eV.** This good agreement points out
that the implemented DFT computations, i.e., M06 level with 6-
31G(d, p) basis set is apt to investigate MCPTD1-MCPTDS. The
reference compound (MCPTR) has a larger band gap value, i.e.,
3.210 eV, than all of its derivatives. This energy band gap is
decreased to 2.646 eV in MCPTD1 due to the incorporation of
the donor as N-(9,9-dimethyl-9H-fluoren-3-yl)-9,9-dimethyl-N-
phenyl-9H-fluoren-3-amine and pi spacer (2-phenylthiophene)
units, owing to enhancement of the conjugation and resonance
factors. This band gap is further lowered in MCPTD2 as the
stronger acceptor (Z)-2-(2-ethylidene-3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile) is substituted with the former
used acceptor in MCPTR and MCPTD1, thus, reducing the band
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© 2021 The Author(s). Published by the Royal Society of Chemistry

({?H

2nd
Pi-Spacer

"2
~t, |

Acceptor

7%(

-
P

7

RSC Adv, 2021, 11, 14237-14250 | 14239


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra00876e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 15 April 2021. Downloaded on 2/28/2026 3:48:44 AM.

(cc)

RSC Advances

as S 2o é%

MCPTD5

z

\

\

N= 1 = /,’\/J

Qv &

MCPTD7

View Article Online

Paper

MCPTD6

MCPTD8

‘ Depicts Acceptor ‘@ Depicts pi- spacer ‘ Depicts Donor

Fig. 1 Structures of the reference (MCPTR)* and designed compounds (MCPTD1-MCPTD8).

gap value up to 2.160 eV due to the enhanced capability of the
push-pull mechanism. Furthermore, the above mentioned
band gap was reduced in MCPTD3 due to the incorporated one
cyano and two fluoro moieties at the structure of acceptor as (2-
(5,6-difluoro-2-methylene-3-oxo-2,3-dihydro-1H-inden-1-

ylidene)malononitrile), and one more fluoro moiety is intro-
duced in the vicinity of the prior attached fluoro moieties at the
structure of the acceptor in MCPTD4. Consequently, the elec-
trons migrate towards the acceptor part in these molecules due
to the strong accepting nature of the cyano and fluoro groups,
which may be reason for the further reduction in their band gap

14240 | RSC Adv, 2021, 1, 14237-14250

values, such as 2.074 eV for MCPTD3 and 2.012 eV for MCPTD4.
Further reduction in the band gap is examined, such as 2.002
and 1.948 eV for MCPTD5 and MCPTD6, respectively. In fact,
the structure of MCPTD5 is designed via the replacement of the
two fluoro groups with two chloro groups at the structure of the
acceptor in the MCPTD3 molecule. In the same way, the struc-
ture of MCPTD®6 is designed via replacement of the three fluoro
groups with three chloro groups at the structure of the acceptor
of MCPTDA4. As it is expected, the greater electronegativity of the
moieties will increase the movement of the electrons in the
directions of the acceptor part because of the inductive electron

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimized structures of the investigated compounds (MCPTR and MCPTD1-MCPTDS8).

Table 1 Epomo. ELumo and the energy gap (E.umo—Enomo) of the
investigated compounds in eV

Compounds LUMO HOMO Band gap
MCPTR —2.557(2.78)" —5.767(—5.73)" 3.210(2.95)"
MCPTD1 —2.573 —5.219 2.646
MCPTD2 —-3.071 —5.231 2.160
MCPTD3 —3.145 —5.219 2.074
MCPTD4 —3.207 —5.219 2.012
MCPTD5 —-3.219 —5.221 2.002
MCPTD6 —3.278 —5.226 1.948
MCPTD7 —3.485 —5.233 1.748
MCPTDS8 —3.133 —5.221 2.088

“ The experimental values in parentheses are from ref. 40.

withdrawal (F > Cl),** as observed in MCPTD3 and MCPTDA4.
However, at the same time, the resonance effect may compete
with the inductive effect. The F and Cl groups are electron-
donating due to the resonance effect (Cl > F).**** The chloro

© 2021 The Author(s). Published by the Royal Society of Chemistry

groups at the structure of the acceptor are found in MCPTD5
and MCPTD6, which showed less inductive electron withdrawal
as compared to the fluoro groups.”” However, a reduction in the
band gap was observed in both molecules in comparison that of
MCPTD3 and MCPTD4, which may be due to the (a) resonance
effect, (b) better orbital matching, and (c) specific geometry of
the acceptor moiety. A much lower HOMO-LUMO band gap was
calculated at 1.748 eV in MCPTD?. This reduction in the band
gap is due to the four substituted cyano (-CN) groups at the
acceptor part having a larger (-I) effect than F and Cl. These four
cyano groups can withdraw more electrons in the direction of
the acceptor part. Subsequently, this factor enhances the charge
transfer and reduces its band gap. This is the smallest value of
Egyp in the group of all investigated compounds. However,
compound MCPTD8 was found with a larger value of E,,, than
MCPTD7 because it has just two substituted cyano (-CN) groups
at the acceptor part, although one extra benzene ring was found
in its acceptor part. Therefore, by structural tailoring of the
donor, spacer and acceptor unit of MCPTR, the HOMO-LUMO

RSC Adv, 2021, 11, 14237-14250 | 14241
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energy gap was remarkably reduced in all investigated
compounds.

In short, the HOMO-LUMO energy gap decreases in this
order: MCPTR > MCPTD1 > MCPTD2 > MCPTDS8 > MCPTD3 >
MCPTD4 > MCPTD5 > MCPTD6 > MCPTD?. This order confirms
that the designed compounds incorporating electronegative
units would be a remarkable aspect to lower the E,,, values,
hence, significant the response of NLO.*

The magnitude of the band gap describes the experience of
ICT from the donor to acceptor part facilitated via pi linkers,
and provides information about the NLO structure related
function associations.***® The contour sides of the frontier
molecular orbitals (FMOs) are used to describe the transference
of charges, as displayed in Fig. 3. In the reference compound
(MCPTR), the charge density for HOMO is located over (N-
(cyclohexa-1,5-dien-1-yl)-N-phenyl-4-(5-(pyren-1-yl)thiophen-2-
ylaniline), while the dominant portion of the acceptor part
involved in the electronic distribution is methyl (E)-2-cyano-
3(thiophen-2-yl)acrylate. In the designed compounds
(MCPTD1-MCPTDS8), the charge density for HOMO was
predominantly present over (N-(cyclohexa-1,5-dien-1-yl)-N-
phenyl-4-(5-(pyren-1-yl)thiophen-2-yl)aniline) and the minor
charge density was located over the first pi-linker. The LUMO
was concentrated partly on the second bridge moiety, and
mainly on the acceptor moiety. Thus, a significant charge
transfer in the entitled compounds was administered from the
donor to an acceptor via w-linker. This assistance of the charge
transference confirms that all of the investigated compounds
should be proficient NLO substances. The designed compounds
MCPTD1-MCPTD8 are more reactive, having larger wave-
lengths. Therefore, they are relatively readily polarizable
compared to the reference compound.** The other values of
HOMO-1, LUMO+1, HOMO—-2, and LUMO+2 are displayed in
Table S10.f The pictographic display of HOMO—1, LUMO+1,
HOMO-2, and LUMO+2 is shown in Fig. S1.T

UV-vis analyses

In order to gain insight into the absorption spectra for the
excited states, TD-DFT calculations were executed via M06 level
of theory and 6-31G(d,p) basis set combination. The TD-DFT
investigation was executed with dichloromethane (DCM) as
a solvent.””

It is expected that the polar medium is involved in the
stabilization of the w—mt* state associated with the n—-mt* state by
the use of an appropriate electronic level.*® Usually, the energy
of the interactions of the compound in dichloromethane is
controlled by non-covalent interactions (NCIs) and polarity
effects.*> This factor defines the dipolar interactions and
hydrogen bond performing a major part, while stabilizing the
first singlet electronic level of the molecules.”® As the solvent
polarity is increased, the molecule shifts to red shift. The
excited state is regarded as more polar than the ground state;
hence, the excited state is more stabilizing as compared to the
ground state in DCM.*

Our results revealed that all molecules (reference MCPTR
and designed MCPTD1-MCPTDS) display absorbance in the

14242 | RSC Adv, 2021, 11, 14237-14250
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visible region (Table 2). The results discussed in Table 2 shows
that the largest absorption peak of MCPTR was found at
481.21 nm, which is comparable to their corresponding exper-
imental An.x of 424 nm. The designed molecules MCPTD1-
MCPTDS8 cover the absorption range from 547.050 nm to
832.330 nm. Generally, the Ay.x values of the designed
MCPTD1-MCPTD8 molecules were detected to be greater in
measure than the value of MCPTR (Table 2). It can be seen that
the Amax values are greatly influenced by the end-capped elec-
tron acceptor motifs, which in turn push the absorption spectra
to move towards a red shift.***> The computed maximum
absorption peak for MCPTR was obtained at 481.212 nm with
2.577 eV transition energy and oscillator strength (0.619),
showing 99% molecular orbital contributions from HOMO to
LUMO. The introduction of the donor as N-(9,9-dimethyl-9H-
fluoren-3-yl)-9,9-dimethyl-N-phenyl-9H-fluoren-3-amine and pi
spacer (2-phenylthiophene) in the MCPTD1 molecule effectively
increased the A, value to 547.050 nm with 2.266 €V transition
energy. Furthermore, the A,,,x value of MCPTD2 was observed as
664.505 nm, which is higher than that for MCPTD1. This is
because of the stronger acceptor as (Z)-2-(2-ethylidene-3-ox0-2,3-
dihydro-1H-inden-1-ylidene)malononitrile). For MCPTD3, the
maximum absorption wavelength was further enhanced and the
transition energy was reduced due to incorporation of two flu-
oro groups in the structure of the acceptor as (2-(5,6-difluoro-2-
methylene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)

malononitrile). Additionally, in MCPTD4, the absorption
wavelength was further moved to red shift, and the transition
energy was reduced to 1.722 eV. The alteration in the above
parameters for MCPTD4 might be due to one extra fluoro
moiety, which was submitted in the neighborhood of the
antecedent attached fluoro moieties in the structure of the
acceptor. The calculated maximum wavelengths for MCPTD5
and MCPTD6 were obtained at 724.286 and 743.667 nm with
1.712 and 1.667 eV transition energies showing 91% (HOMO to
LUMO) and 92% (HOMO-1 to LUMO), respectively. Similarly,
for MCPTD7 and MCPTDS8, the maximum wavelengths were
calculated at 832.330 and 691.600 nm with 1.490 and 1.793 eV
transition energies and oscillator strengths as 0.277 and 0.488.
The best efficacy for the acceptor in MCPTD7 induces the
highest red shifting in accordance with the lowering of the band
gap results, as discoursed above. The A, values of all mole-
cules are found in the subsequent decreasing order: MCPTR <
MCPTD1 < MCPTD2 < MCPTD8 < MCPTD3 < MCPTD4 <
MCPTD5 < MCPTD6 < MCPTD?. The lowest excitation energy
value as 1.490 eV is disclosed in MCPTD7, owing to the influ-
ence of the strong electron withdrawing acceptor entity and
conjugation. The increasing order of the excitation energy
values is as follows: MCPTR > MCPTD1 > MCPTD2 > MCPTDS >
MCPTD3 > MCPTD4 > MCPTD5 > MCPTD6 > MCPTD?7. More-
over, some absorption values of MCPTR-MCPTDS are shown in
S14-S22.1 The enhancement in the wavelengths and lower
transition energy values uncovered that the MCPTD1-MCPTDS8
molecules demonstrated larger charge transport facility.
Subsequently, an easy excitation may occur between HOMO and
LUMO. A former HOMO-LUMO study of MCPTD1-MCPTDS8
supports the UV-vis data with respect to the minimum

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HOMOs and LUMOs of the studied compounds MCPTR-MCPTDS.

transition energy and higher A, values, which guide them to
enhance their photoelectric effects.

To sum things up, MCPTD7 has the capacity for the lower
most transition energy, minimum band gap and largest Apax
value, which may be contemplated like an appropriate material
for using its optoelectronic properties in the NLO field.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Global reactivity parameters

The strength of FMOs (Egap = Erumo — Enomo) is valuable to
discover the global reactivity, such as the ionization potential
(IP), global softness (o), global hardness (n), global electrophi-
licity index (w), electron affinity (EA),** electronegativity (X), and

RSC Adv, 2021, 11, 14237-14250 | 14243
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Table 2 Transition energy (eV), maximum absorption wavelengths (Anax/nNm), oscillator strengths (f.s) and transition contributions®
Compounds DFT A (nm) E (eV) f MO contributions

MCPTR 481.212(424)° 2.577 0.619 H — L (99%)

MCPTD1 547.050 2.266 0.074 H—-L (82%)

MCPTD2 664.505 1.866 0.456 H-—-L (87%)

MCPTD3 697.123 1.779 0.454 H—-L (90%), H-1—->L (8%)
MCPTD4 720.205 1.722 0.430 H-—-L (91%), H-1—->L (8%)
MCPTD5 724.286 1.712 0.438 H — L (91%), H—1 — L (8%)
MCPTD6 743.667 1.667 0.388 H-1—> L (92%),

MCPTD7 832.330 1.490 0.277 H-—-L (94%), H-1—->L (4%)
MCPTDS8 691.600 1.793 0.488 H—-L (89%), H-1—>L (10%)

“ MO = molecular orbital; H = HOMO, L = LUMO. ® Exp. value in parentheses."

the chemical potential (1).>****¢ The IP and EA are calculated by
utilizing the following equations.

IP = _EHOMO (5)
EA = —Erumo (6)

The chemical hardness (n), chemical potential (u), electro-
negativity (X), global softness (o), and electrophilicity index (w)
were determined by utilizing Koopmans's theorem.*”

v [IP+EA] _ [Erumo + Enowmo )
2 2
e [IP—EA] _ [ELumo — Enomo] (8)
2 2
_ Euomo ‘2|‘ELUMO 9)
1
- 1
°= 5 (10)
2
w
_ M 11
0= (11)

The ionization potential expressed the electron-accepting
and electron donating abilities, and this equals the energy
compulsory to extract one electron from HOMO. The reactivity
and stability of the compounds are also related to the chemical
potential of the species.*® The chemical potential, energy gaps,
hardness, and stability of the compound are directly related,
whereas the relation is inverse in the case of the reactivity.*
Hence, the molecule with greater energy gap is considered to be
a harder molecule, and has low reactivity and more kinetic
stability.

The electronegativity of the substituent controls the stabili-
zation of the molecules. The position of the molecule holding
the electronegative substituent plays a role in its stability.*® The
electronegativity explicates the capability of a representative
compound to attract electrons to it. The molecule manifests
more stability, lesser chemical reactivity and greater hardness if
the band gap becomes higher.

14244 | RSC Adv, 2021, N, 14237-14250

The examined hardness value gradually decreased through
MCPTR-MCPTD8. The hardness value calculated in MCPTD1 is
0.0486 Ej,, which falls to a value of 0.0397 E;, in MCPTD2 and
further decreases to 0.0321 E}, in MCPTD?. In the same manner,
the chemical potential was found to decrease, as explained in
Table 3. Hence, the trend of the calculated hardness values
across the designed molecules was absolutely the same as the
order of the decrease of Eg,,. The decreasing order of the
hardness and chemical potential of the investigated molecules
was: MCPTR > MCPTD1 > MCPTD2 > MCPTD3 > MCPTD4 >
MCPTD5 > MCPTD6 > MCPTDS8 > MCPTD?7. However, the soft-
ness is another factor that reveals the reactivity of the molecules
as directly related to their polarizability. The value of the soft-
ness expanded in the designed compounds from the MCPTR
softness (8.4818 E;) to MCPTD7 (15.5763 Ep). Interestingly,
MCPTD7 shows the highest softness value, and it is regarded as
the most polarizable species among all designed compounds.
The higher softness values indicated that all designed
compounds are polarizable. Consequently, these molecules
may hold potential NLO findings. Moreover, all global reactivity
information of the studied compounds is correlated with the
band gap values of MCPTR-MCPTDS. The molecules with lower
band gaps exhibited smaller values of hardness and chemical
potential with larger values of softness.

Natural bond orbital (NBO) analysis

NBO analysis is recognized as the most accurate framework to
achieve insights into the electron-transfer process, bond inter-
action and elucidation of the hyper conjugative interaction
among the nucleophile and electrophile.” The study of NBO
can be useful in the interpretation of the steady image forma-
tion in donor-m-acceptor architectures, charge density transi-
tions from fully occupied, bonded or a donor to partially-filled,
non-bonded type NBOs.®® Delocalizing reactions were evaluated
by a second order perturbation access. For every transition
donor (i) and acceptor (j), the stabilization energy E® accom-
panied with delocalization i — j was measured by the following
equation:

(Fy)’

Sj*é‘i

B = g (12)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Global reactivity parameters of MCPTR-MCPTD8“
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Compounds 1P EA ¢ n “w 13} 4

MCPTR 0.2119 0.0940 0.1530 0.0589 —0.1530 0.1984 8.4818
MCPTD1 0.1918 0.0946 0.1432 0.0486 —0.1432 0.2110 10.2881
MCPTD2 0.1922 0.1129 0.1526 0.0397 —0.1526 0.2935 12.6103
MCPTD3 0.1918 0.115.6 0.1537 0.0381 —0.1537 0.3100 13.1234
MCPTD4 0.1918 0.1178 0.1548 0.0370 —0.1548 0.3238 13.5135
MCPTD5 0.1919 0.1183 0.1551 0.0368 —0.1551 0.3268 13.5869
MCPTD6 0.1920 0.1205 0.1563 0.0358 —0.1563 0.3415 13.9860
MCPTD7?7 0.1923 0.1281 0.1602 0.0321 —0.1602 0.3998 15.5763
MCPTDS8 0.1919 0.1151 0.1535 0.0384 —0.1535 0.3068 13.0208

¢ Units in hartree Ej,.

where E? is the stabilization energy, F(i — j) is the diagonal, g;
is the donor orbital occupancy, and ¢j and ¢; are the off-diagonal
NBO Fock or Kohn-Sham medium element.*® There is a strong
interaction between i and j when E® has a large value, and the
whole system has a greater degree of conjugation. The results
show that the withdrawing/donating ability of the substituents
plays a dominant role in inducing the atomic charge on the
carbon atom associated with substituents. Highly electronega-
tive groups could increase the hyperconjugation as the
nitrogen, fluoro and chloro group insertion, and accordingly
stabilize the lone pair of the atom in the transition states. Thus,
the electronegativity plays an important role in stabilization.*®
In the second-order perturbation method, the representative
interactions are obtained in Table 4.

The overlapping of the orbitals causes the hyper conjugative
type events to occur from ¢ — o*,w — 7w* LP — ¢*and LP —
7*. These transitions are imperative for the intramolecular
charge transfer and results in system stabilization. In T — 7*
transitions, the charge transfer taking place within the mole-
cule is more dominant as compared to ¢ — c*. In MCPTR, the
important w — 7* electronic transition, which expressed the
highest value of stabilization energy (26.91 kcal mol %), is for =
(C53-C54) — m* (C26-C28). In contrast, © (C56-C58) —m*
(C56-C58) was of the lowest energy transition, having
0.67 kcal mol™" energy. Moreover, the ¢ — o* transition as ¢
(C26-H27) — o* (C53-S55) had 7.79 kcal mol " as highest
energy and o (C44-C47) — o* (C47-H52) having
0.51 kecal mol™" lowest energy transitions. Furthermore, other
transitions such as LP — mw* had the highest value at
51.37 keal mol ™" for the LP2 (033) — 7t* (C31-032) transition,
and LP — o™ had the lowest stabilization energy value of
0.54 keal mol ™" for the LP1 (S55) — o* (C17-H18) transition. A
bunch of transitions exhibiting conjugation are demonstrated
in Table S23.F

For MCPTD1, the ® — w* electronic transition with the
highest value of stabilization energy (26.79 kcal mol ") was of 7t
(C52-C53) —m* (C25-C27). In contrast, © (C85-C86) — m*
(C77-C79) was of the lowest energy transition having
0.53 kecal mol ™" energy. Furthermore, the ¢ — o* transition,
like o (C25-H26) — o* (C52-S54), had 7.73 kcal mol™" as the
highest energy and ¢ (C129-H132) — o* (C95-C129) having

© 2021 The Author(s). Published by the Royal Society of Chemistry

0.50 kcal mol ™" as the lowest energy. The other LP — wt* had
the highest value of 51.37 kcal mol " for the transition from LP2
(032) — w* (C30-031), while the lowest value observed in the
LP1 (032) to o* (C34-C37) transition was 0.60 kcal mol™". A
bunch of transitions in MCPTD1 exhibiting conjugation are
established in Table S24.f

In MCPTD2, the T — 7* transition with the highest value of
stabilization energy (25.63 kcal mol ') was of 7 (C25-C103) —
m* (C104-C110) and 7 (C49-C50) — w* (C41-C43) having
0.54 kecal mol " lowest energy. Furthermore, the ¢ — o* tran-
sition & (C25-H26) — o* (C27-S29) had 9.04 kcal mol " as the
highest energy. The ¢ (C30-C32) — o* (C27-S29) transition was
with the lowest energy at 0.51 kcal mol ™" value. The other LP —
7* had the highest value of 26.44 kcal mol " for the LP2 (S29)
— 7* (C30-C32) transition, while the lowest value observed in
LP1 (S29) — o* (C16-H17) transition was 0.59 kcal mol .
Other transitions exhibiting conjugation are demonstrated in
Table S25.1

In the chemical structure of MCPTD3, the * — 7t* electronic
transition exhibiting the highest value of stabilization energy
(30.08 kcal mol ') was w (C27-C28) — w* (C25-C103). In
contrast, the transition 7 (C111-N112) — =* (C109-N110)
exhibited the lowest energy as 0.69 kcal mol '. The highest
energy from the ¢ — o* transition o (C25-H26) — o* (C27-
$29) was found as 9.05 kcal mol . In contrast, the lowest energy
in o (C28-H31) (C25-H26) was uncovered as
0.50 kcal mol . Furthermore, LP1 — 7* had the highest value
of 28.94 kcal mol " in LP1 (N40) — (C119-C123), while the
lowest value (0.63 kcal mol~') was observed in LP1 — 7t* as the
LP1 (S29) — (C16-H17) transition. Other transitions exhibiting
established conjugation are summarized in Table S26.f

In the framework of MCPTD4, the T — 7t* transition had the
highest value of stabilization energy (30.68 kcal mol™') for
(C27-C28) — =* (C25-C103). In contrast, 7w (C110-N111) — 7*
(C108-N109) was found to have the lowest energy as
0.70 kcal mol™". The ¢ — o* transition ¢ (C25-H26) — o*
(C27-S29) had 9.11 kecal mol ™" as the highest energy. The &
(C84-H87) — o* (C61-C84) consisted of the lowest energy,
having 0.50 kcal mol~". The other LP — 7* had the highest
value at 28.90 kcal mol™" for the transition LP1 (N40) — m*
(C118-C122) and the lowest value (0.52 kcal mol ™) was for the

— o*
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Table 4 Natural bond orbital (NBO) study of the investigated compounds (MCPTR-MCPTDS8)

Compound Donor (i) Type Acceptor (j) Type Y E(j) E(1) Fi —j)
MCPTR C53-C54 T C26-C28 ¥ 26.91 0.31 0.083
C56-C58 T C56-C58 * 0.67 0.3 0.013
C26-H27 G C53-S55 o* 7.79 0.74 0.068
C44-C47 [ C47-H52 o* 0.51 1.04 0.021
033 LP(2) C31-032 ¥ 51.37 0.36 0.123
S55 LP(1) C17-H18 o* 0.54 1.13 0.022
MCPTD1 C52-C53 T C25-C27 * 26.79 0.31 0.082
C85-C86 T C77-C79 * 0.53 0.29 0.011
C25-H26 G C52-S54 o* 7.73 0.74 0.067
C129-H132 [ C95-C129 o* 0.50 0.89 0.019
032 LP(2) C30-031 o+ 51.37 0.36 0.123
032 LP(1) C34-C37 c* 0.60 1.01 0.022
MCPTD2 C25-C103 T C104-C110 ¥ 25.63 0.3 0.079
C49-C50 T C41-C43 * 0.54 0.29 0.011
C25-H26 o C27-529 o* 9.04 0.73 0.073
C30-C32 o C27-S29 o* 0.51 0.93 0.019
S29 LP(2) C30-C32 * 26.44 0.27 0.077
529 LP(1) C16-H17 o* 0.59 1.12 0.023
MCPTD3 C27-C28 T C25-C103 ¥ 30.08 0.31 0.087
C111-N112 T C109-N110 * 0.69 0.46 0.016
C25-H26 o C27-529 o* 9.05 0.73 0.073
C28-H31 o C25-H26 o* 0.50 0.97 0.02
N40 LP(1) C119-C123 ¥ 28.94 0.29 0.085
529 LP(1) C16-H17 o* 0.63 1.13 0.024
MCPTD4 C27-C28 T C25-C103 ¥ 30.68 0.31 0.087
C110-N111 T C108-N109 ¥ 0.70 0.46 0.016
C25-H26 [ C27-S29 o* 9.11 0.73 0.073
C84-H87 o C61-C84 o* 0.50 0.89 0.019
N40 LP(1) C118-C122 ¥ 28.90 0.29 0.085
F113 LP(2) C100-C101 o* 0.52 0.98 0.02
MCPTD5 C27-C28 T C25-C103 ¥ 30.59 0.31 0.087
C110-N111 T C108-N109 ¥ 0.69 0.46 0.016
C25-H26 (¢ C27-529 o* 9.07 0.73 0.073
C118-H122 c N40-C120 o* 0.52 0.97 0.02
N40 LP(1) C116-C120 ¥ 28.86 0.29 0.085
F113 LP(2) C100-C101 o* 0.52 0.98 0.02
MCPTD6 C27-C28 T C25-C103 * 31.15 0.3 0.088
C49-C50 T C41-C43 * 0.70 0.29 0.013
C25-H26 o C27-529 o* 9.22 0.73 0.073
C118-H122 c N40-C120 o* 0.52 0.97 0.02
N40 LP(1) C116-C120 * 28.79 0.29 0.085
Cl125 LP(2) C97-C98 o* 0.57 0.92 0.02
MCPTD7?7 C27-C28 T C25-C103 * 32.49 0.3 0.089
C110-N111 T C108-N109 ¥ 0.68 0.46 0.016
C25-H26 [ C27-S29 o* 9.23 0.73 0.073
C28-H31 c C25-H26 o* 0.50 0.97 0.02
S29 LP(2) C30-C32 * 29.41 0.27 0.077
S29 LP(1) C16-H17 o* 0.75 1.13 0.026
MCPTDS8 C27-C28 T C25-C103 * 29.53 0.31 0.086
C49-C50 T C41-C43 ¥ 0.60 0.29 0.012
C25-H26 o C27-S29 o* 9.12 0.73 0.073
C30-C32 (e C27-S29 o* 0.51 0.93 0.02
S29 LP(2) C30-C32 m* 26.58 0.27 0.077
N40 LP(1) C49-C50 ¥ 3.08 0.84 0.049

LP2 (F113) — o* (C100-C101) transition. Other transitions — o* transition as o (C25-H26) — o* (C27-S29) had
exhibiting conjugation are shown in Table S27.} 9.07 keal mol . The ¢ (C118-H122) — o* (N40-C120) transi-

For MCPTD5, the m — 7* transition that has the highest tion was of the lowest energy, having 0.52 kcal mol™'. LP — 7t*
value of stabilization energy was of © (C27-C28) — m* (C25- had the high value of 28.86 kcal mol™" for LP1 (N40) — m*
C103) with 30.59 kcal mol™*. The 7 (C110-N111) — 7* (C108- (C116-C120), and the lowest value (0.52 kcal mol™') was
N109) was of the lowest energy, having 0.69 kcal mol . The o

14246 | RSC Adv, 2021, 11, 14237-14250 © 2021 The Author(s). Published by the Royal Society of Chemistry
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observed for the LP2 (F113) — o* (C100-C101) transition. Other
transitions exhibiting conjugation can be seen in Table S28.+

In MCPTD6, the T — m* transition having the highest value
of stabilization energy at 31.15 keal mol ™" was for the 7 (C27-
C28) — m* (C25-C103) transition, and the 7 (C49-C50) — =*
(C41-C43) was of the lowest energy, having 0.70 kcal mol . The
6 — o* transition as o (C25-H26) — o* (C27-S29) had
9.22 kcal mol * as the highest energy. The ¢ (C118-H122) — c*
(N40-C120) had the lowest energy at 0.52 kcal mol . The LP —
7* transition had the highest value at 28.79 kcal mol " for LP1
(N40) — 7v* (C116-C120), and the lowest value (0.57 kcal mol ™)
was observed for the LP2 (Cl125) — o* (C97-C98) transition.
Other transitions exhibiting conjugation are listed in Table
$29.%

For MCPTD7, the @ — =* transition having the highest
value of stabilization energy was for = (C27-C28) — w* (C25-
C103) as 32.49 kcal mol !, whereas = (C110-N111) — *
(C108-N109) consisted of the lowest energy as 0.68 kcal mol .
The ¢ — o¥* transition: ¢ (C25-H26) — o* (C27-5S29) had
9.23 keal mol™ " as the highest value, and ¢ (C28-H31) — o*
(C25-H26) comprised the lowest energy at 0.50 kcal mol™".
Moreover, LP — w* had the highest value at 29.41 kcal mol "
for LP2 (S29) — =* (C30-C32), while the lowest value
(3.08 kecal mol ") was observed for the LP1 (N40) — o* (C49-
C50) transition. The remaining transitions exhibiting conjuga-
tion are listed in Table S30.}

For MCPTDS, the T — w* transition contained the highest
value of stabilization energy at 29.53 kcal mol " for 7 (C27-C28)
— 7t* (C25-C103). However, the lowest energy (0.60 kcal mol ™)
was uncovered for 7 (C49-C50) — m* (C41-C43). Furthermore,
the ¢ — o* transition, such as ¢ (C25-H26) — o* (C27-S29),
comprised the highest energy at 9.12 kcal mol . The o (C30-
C32) — o* (C27-529) was found to have the lowest energy at
0.51 kcal mol ™. Furthermore, LP — 7t* has the highest value at
26.58 keal mol™" due to LP2 (S29) — m* (C30-C32), while the
lowest value observed in LP1 (N40) — o* (C49-C50) was the
3.08 kcal mol ! transition. Many transitions exhibiting conju-
gation are listed in Table S31.F

Among all the entitled compounds, MCPTD7 had the highest
stability due to the extended hyper-conjugation with
32.49 kcal mol . All of the entitled compounds exhibited more
stability in comparison with the reference compound. The
overall stability order is as follows: MCPTD7 > MCPTD6 >
MCPTD5 > MCPTD4 > MCPTD3 > MCPTDS8 > MCPTD1 > MCPTR
> MCPTD2. Therefore, NBO analysis of these compounds
entails that the extended hyper conjugation and robust intra-
molecular transference of the charge play a remarkable role in
stabilizing these compounds, and signify the charge transfer
properties that are important for NLO properties.

Nonlinear optical (NLO) properties

The electronic characteristics of the designed compounds were
measured for the optical analyses, such as linear response:
polarizability («) and nonlinear responses: first hyper polariz-
ability (8) and second hyper polarizability (y).** An applied
external electric field interacts with the electronic densities of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the extended conjugated systems. Consequently, it changes
their dipole moments.®*> The delocalization strength of the
electrons in any system can be enhanced using substituents
(electron donor and acceptor) at reasonable places of the
conjugated system.*»** This enhancement in the asymmetric
distribution of the electrons can be a reason for the promising
nonlinear optical phenomena of molecules.®> In compounds
MCPTD1-MCPTDS, the resonance of the m-electrons between
the phenyl rings has been increased, and the C-C m-bond is not
positioned. Therefore, it takes part in the extended conjugation
of the two or more phenylic rings.** So, the delocalization
increased from MCPTD1-MCPTDS through the addition of the
chlorine, fluorine and cyano groups as a substituent, which
drifts electrons marvelously. Thus, introducing a pi-spacer to
link different appropriate acceptor parts is effective to decrease
the Eg,p, and thus to increase polarizabilities.”” Moreover, the
polarity has a significant impact on the dipole moment (u) by
enhancing their NLO values.*® Dipole moments are produced
from electronegativity differences. The larger the difference in
the electronegativity, the larger the dipole moment.®® The dipole
moment (u) can be seen by the results mentioned in Table 5.
The dipole moment (u), average polarizability (c), second-order
polarizability (Byec), and second-order hyperpolarizability (y)
values of the entire compound are calculated in esu units,* and
are listed in Table 5, while their major contributing tensors are
discussed in detail in S11-S13.7

The reference molecule (MCPTR) had the lowest average
polarizability. The strong acceptor moiety with stronger
electron-withdrawing groups caused the highest value of
average polarizability. Therefore, MCPTD7 had the predomi-
nant value of the dipole moment as 7.200 a.u. The decreasing
order of the dipole moment values was observed for the
designed compounds with the reference as MCPTD7 > MCPTD5
> MCPTD6 > MCPTD3 > MCPTD4 > MCPTDS > MCPTD2 >
MCPTR > MCPTD1. The addition of the electronegative atom
pulled the electron density to that atom; in this way, it rendered
the other parts of the molecule as a result of this increased
linear polarizability.®” The trend for the average linear polariz-
ability values of the designed compounds with the reference
was observed as: MCPTD7 > MCPTDS > MCPTD6 > MCPTD5 >
MCPTD4 > MCPTD3 > MCPTD2 > MCPTD1 > MCPTR. Similar to
the dipole moment, the highest value of the average polariz-
ability was observed for the designed compound MCPTD7 due
to the presence of four cyano groups, which enhanced the
electron density towards the A unit and made it more electron-
withdrawing. Hence, a remarkable increase in its value was
observed, ie., 2.40 x 10~>* esu. Furthermore, a systematic
relationship was obtained between the molecular structures
and @ values. The ( parameter usually increased with the
strength of the acceptor substituents attached with MCPTR, like
the fluoro, chloro and cyano groups, which contribute to the
molecular nonlinearity. Moreover, the contribution of the
extension of the conjugated system to § is dominant too as the
substitutions take place. Thus, the (.. value for all designed
compounds decreased in the following order: MCPTD7 >
MCPTD6 > MCPTD5 > MCPTD4 > MCPTDS8 > MCPTD3 >
MCPTD2 > MCPTD1 > MCPTR. Moreover, MCPTD7 has been
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Table 5 The computed dipole moment (u), polarizability (), second-order polarizabilities (8), and second-order hyper polarizability (y) of the

entitled compounds (MCPTR-MCPTDS8) in (a.u)

Systems ot () (a.) () (esu) x10° Buee (a.) Buee (esu) (7)

MCPTR 3.512 559.1 8.29 x 103 23 943.1 2.07 x 1028 2.1452 x 10°
MCPTD1 3.432 1307.8 1.94 x 1072 73 488.5 6.35 x 10728 1.3209 x 107
MCPTD2 4.071 1476.0 2.19 x 102 152 679.8 1.32 x 10°% 3.02404 x 107
MCPTD3 4.756 1502.1 2.23 x 10”22 191 755.3 1.66 x 10~ %7 4.1097 x 107
MCPTD4 4.411 1515.5 2.25 x 10722 215 171.0 1.86 x 107 4.7632 x 107
MCPTD5 5.002 1563.4 2.32 x 1072 221 788.6 1.92 x 107 4.9960 x 107
MCPTD6 4.669 1583.3 2.35 x 102 234 130.8 2.02 x 10°% 5.4032 x 107
MCPTD7 7.200 1621.0 2.40 x 1022 328 177.0 2.84 x 10°% 8.6024 x 107
MCPTD8 4.163 1596.5 2.37 x 1072 192 391.8 1.66 x 1077 4.180 x 10’

shown to possess the highest value of By as 2.84 x 10~>” esu
compared to the other designed compounds. However,
MCPTD1 and MCPTD2 showed minimal .. values, owing to
the poor ICT. The introduction of a fluorine (electron acceptor)
in MCPTD3 and MCPTD4 enhanced the accepting power on the
opposite end. MCPTD3 has an effectively high NLO value due to
the strong accepting tendency of the two fluorine atoms
attached to it. There is the phenyl ring as a donor moiety and
three atoms of the fluoro (-F) moiety competing on the opposite
end in the case of MCPTD4. Thus, the (... value was boosted
from 1.66 x 107" esu of MCPTD3 to 1.86 x 10 7 esu in
MCPTD4. The installation of a chlorine electron acceptor onto
the phenyl ring in MCPTD5 and MCPTD6 enhances the
accepting power again. MCPTD5 has a high NLO value because
of the strong accepting ability of the chlorine. There is the
phenyl ring as a donor moiety and three atoms of the chloro
(=Cl) moiety competing on the other end. Thus, the By.. value is
shifted from 1.92 x 10~>” esu in MCPTD5 to 2.02 x 10~ " esu in
MCPTD6. MCPTD7 has the highest NLO value of all because it
consists of four cyano (-CN) groups. In these molecules, the
maximum and minimum NLO responses can be ascribed to the
proficiency of the charge transfer from the donor to acceptor
through their corresponding w-linked interactions. Moreover,
upsurges in the hyperpolarizability values in the molecules
discussed here arise in association with the delocalization of
the m-electrons. This delocalization decreases the HOMO-
LUMO energy difference. The calculated values of the average
polarizability and second-order polarizability of the investigated
molecules are significantly greater than that for urea (By.. (urea)
=0.372 x 10~*° esu), a standard molecule for the analysis of the
NLO response.® The hyperpolarizability values of MCPTR,
MCPTD1, MCPTD2, MCPTD3, MCPTD4, MCPTD5, MCPTDS6,
MCPTD7, and MCPTDS8 were determined to be 557, 1709, 3551,
4459, 5004, 5158, 5445, 7632 and 4474 times larger than the
second-order polarizability value of urea, respectively.

The first hyperpolarizability values of all designed
compounds were uncovered with the opposite order of the Eg,,
between the HOMO-LUMO orbitals. The abovementioned
factors affect the second hyper polarizability (y) amplitudes for
MCPTD1-MCPTD8 t00.*° The maximum (y) amplitude (8.6024
x 107 esu) was also found in MCPTD7. Overall, the decreasing
trend of all of the studied compounds was observed as:
MCPTD?7 > MCPTD6 > MCPTD5 > MCPTD4 > MCPTDS8 >

14248 | RSC Adv, 2021, 11, 14237-14250

MCPTD3 > MCPTD2 > MCPTR > MCPTD1. It may be deduced
from the aforementioned discussion that the electron-
withdrawing nature of the acceptors with the pi-conjugation
and thienyl moieties played a pivotal role and yielded remark-
able NLO amplitudes.®

Conclusion

A series of structurally related molecules (MCPTD1-MCPTDS)
were designed from the pyrene-based synthesized compound
(MCPTR). The influence of different acceptors of MCPTD1-
MCPTD8 was carefully explored for the NLO properties. These
results revealed the fact that the acceptors have promising
influence over the donor-m-acceptor structures, and strongly
tuned the entire features of the designed compounds over the
synthesized compound. MCPTD1-MCPTD8 showed the highest
wavelength with low transitional energy, a broader extent of
orbital formation, and oscillating strength values compared to
MCPTR. The larger red shifted spectrum value (An.x = 832.330
nm) was found for MCPTD7. The FMO-based investigation
indicates that HOMOs are located over the donor moiety and its
nearby 7-linker, while LUMOs are settled on the acceptor in all
of the molecules. The HOMO-LUMO energy-gap was reduced
from 3.210 eV to —2.088 eV for MCPTR-MCPTDS, respectively.
Interestingly, the HOMO-LUMO energy-gap of MCPTD7 was
decreased by up to 1.748 eV. Contrarily, the NLO values have
been enhanced from 2.07 x 107>% esu to 1.66 x 10> esu for
MCPTR-MCPTDS. Surprisingly, the («), Byec and (y) values were
found to be 2.40 x 1072%, 2.84 x 10~ and 8.6024 x 10’ esu,
respectively, for MCPTD7, which was greater than the reference
(MCPTR) and MCPTD1-MCPTDS8. Experimental researchers
may be attracted to our designed compounds owing to the
impressive NLO results. We could enlist the promising abilities
of our designed compounds for establishing the better and
responsive NLO. The larger NBO and NLO response in MCPTD7
was produced as a consequence of the delocalization of the -
system. Delocalization lessens the HOMO-LUMO band gap and
ensures stability of the molecules. Thus, it can exhibit excellent
material properties in photoresponsive compounds.
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