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methyl-chromenoquinoline (MCQ) in detail for its optical properties using Time-dependent density-
functional theory (TD-DFT) and experimental studies. The conjugated-polymer (CP) Poly[(9,9-dioctylfluor
enyl-2,7-diyl)-co-(2,5-p-xylene)] or [(ADS145UV or PFOPX)]| was studied as donor. The TD-DFT implied
that MCQ is a fluorescent compound with well-defined highest occupied molecular orbital (HOMO)

Ié?; g;f;;qumolmes and lowest unoccupied molecular orbital (LUMO) structure at —5.327 eV and —1.836 eV, respectively,
MCQ with an energy gap of 3.49 eV in toluene captivity. The TD-DFT-based model and experimental study
PFOPX showed an energy gap of 3.326 eV and 3.351 eV, respectively, and the deviation was 0.025 eV. The exper-
Energy transfer imental studies of MCQ showed solvent-dependent fluorescence peak shifted from 445 + 2 nm to
FRET 538 + 2 nm for dielectric constant ranging from 0.01 (hexane) to 10.2 (water). Despite the good optical
ASE properties, MCQ produced a weak laser-induced fluorescence (LIF) and not produce amplified sponta-
neous emission (ASE) to any pump energy of 3rd harmonic from Nd:YAG laser (5 ns, 355 nm). When
PFOPX of concentration 500 nM (500 pL) was added to MCQ of 506 mM (3.5 mL) concentration, the
LIF suddenly improved tenfold due to efficient Fluorescence resonance energy transfer (FRET) process.
At the optimal concentration of PFOPX (670 nM) in MCQ solution, the spectrum changed dramatically.
The spectrum has five peaks with a LIF in the background, where peaks around 393.5 nm and
417.3 nm attribute to the oligomer; 438.7 nm attributed to a combined fluorescence of PFOPX and
MCQ; 466.4 nm, and 493.1 nm corresponding to MCQ. Analysis shows that the peaks at 440 nm (partly)

and 493 nm were ASE from MCQ.
© 2022 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 (Alizadeh et al., 2008; Cho et al., 2008; Conti and Desideri, 2009;

Kjer et al., 2009; Nicolaou et al., 2000; Tangmouo et al., 2006).

Chromene structural moieties are one of the most vital classes These structural moieties have also been used as eco-friendly agro-

of the heterocyclic units with diverse biological activities chemicals, pigments, and essential intermediates in constructing
various natural products (Chang and Grubbs, 1998; Kleschick and
Heathcock, 1978; Minami et al., 1978; Wang and Finn, 2000).
Quinolines, another class of heterocyclic units, are known for their
diverse applications, and there has been substantial attention in
the synthesis of derivatives of quinolines (Balasubramanian and
Keay, 1996; Campbell, 1976). The hybridization of chromene and
: quinoline structural moieties in a single molecule would be
HISEVIER Production and hosting by Elsevier expected to enhance its activity as these derivatives have attracted
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much attention recently. Chromenoquinolines (CQs) are an impor-
tant class of heterocyclic compounds with applications in diverse
fields (Geng et al., 2018). CQs were found to be useful as selective
progesterone receptors (Zhi et al., 2003), transcriptional activity
(Coghlan et al., 2001), glucocorticoid modulators (Ku et al., 2003),
and estrogenic agents (Vu et al., 2007). CQs attracted the attention
of chemists owing to their remarkable and versatile properties. In
response, the chemical society paid considerable interest in devel-
oping strategies for synthesizing their derivatives, which are also
known for their biological potential. However, the fluorescence
properties of these derivatives are rarely explored for the design
of fluorescent sensors (Kand et al., 2012).

Most of the CQs were used as fluorescent probes. A fluorescent
probe based on methylated CQ dissolved in water was used to
detect thiophenol. CQ with a sensing moiety of B-chlorovinyl alde-
hyde was used as a two-photon (TP) imaging probe to monitor SO,
in the biological environment (Cai et al., 2019). Live cell imaging
and cell permeability of thiols were performed using a chromeno-
quinoline probe (Qiao et al., 2022). Methylated CQ was used for
mitochondrial labeling (Liu et al., 2018). CQ was not reported to
produce a laser despite its excellent optical properties.

Energy transfer plays an important role in biophysical applica-
tions such as protein interactions (Kenworthy, 2001), membrane
fluidity (Ghatak et al., 2011), protein conformation (Heyduk,
2002) and chemosensory applications (Bayraktutan et al., 2022).
Forster resonance energy transfer (FRET), is the most important
energy-transfer mechanism. It is analog to wireless charging; an
excited donor resonantly transfers energy using the dipole-dipole
moment to an acceptor (Clegg, 1995). This technique is an excel-
lent tool for developing an energy transfer-based laser from mole-
cules otherwise hard to produce (Cerdan et al., 2012). The FRET
process can be employed to induce ASE from inefficient material
using a suitable donor. The conjugated materials are very efficient
donors.

Ayellow oligomer produced ASE with help FRET energy transfer
from donor oligomer; the former would not produce laser action
without the energy transfer process (Aljaafreh et al., 2019). A rare
radiative type energy transfer was observed between an oligomer
and conjugated polymer (Aljaafreh et al., 2021a; Prasad et al.,
2020). The energy transfer between a perovskite quantum dot as
acceptor and an oligomer as a donor was reported earlier
(Aljaafreh et al., 2021c¢,b). Conjugated polymers are very efficient
laser materials (Alfahd et al.,, 2017), and it is compatible with
MCQ since both are highly soluble in non-polar solvents.

In this context and in continuation of our research interest in
the synthesis of novel small molecules for laser applications, in
the present work, we report an efficient synthesis of CQs employ-
ing a mixture of Cul and La(OTf); as the catalyst. Among the syn-
thesized compounds, the MCQ (5b) showed the best optical,
energy transfer and laser property. Therefore, we extensively stud-
ied the properties of compound MCQ. The TD-DFT, optical proper-
ties, solvent-based fluorescence, and laser action from MCQ using
FRET type energy transfer from a UV-violet emitting conjugated-
polymer PFOPX. We studied MCQ in detail for its optical properties
using TD-DFT and experimental. The conjugated-polymer (CP) Poly
[(9,9-dioctylfluorenyl-2,7-diyl)-co-(2,5-p-xylene)| or [(ADS145UV
or PFOPX)] was studied as donor. The TD-DFT implied that MCQ
is a fluorescent compound with well-defined highest occupied
molecular orbital (HOMO) - lowest unoccupied molecular orbital
(LUMO) structure. The triple monomer-based oligomer with a
truncated tail model of PFOPX was used for TD-DFT studies. The
TD-DFT-based model and experimental studies were utilized to
estimate the accurate energy gap. The experimental studies of
MCQ showed fluorescence peak shift depending on solvent polar-
ity. Despite the good optical properties, MCQ produced a weak
laser-induced fluorescence (LIF) and did not produce amplified
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spontaneous emission (ASE) for a pump wavelength of 355 nm.
The intensity of LIF improved multifold when a drop of PFOPX
was added to MCQ. At the optimal concentration of PFOPX
(670 nM) in MCQ solution, the spectrum changed dramatically.
The spectrum has five sharp peaks with a LIF in the background,
where peaks around 393.5 nm and 417.3 nm attribute to the oligo-
mer; 438.7 nm attribute to a combined oligomer fluorescence and
MCQ; 440.4 nm, and 493.1 nm ASE peaks corresponding to MCQ.
To the best of our knowledge, this could be the first report on a
mirror-less laser from MCQ using energy transfer from PFOPX.

2. Materials and method
2.1. Materials

The common name of MCQ is 11-methyl-8H-benzo[5,6]
chromeno([4,3-b]quinoline and its molecular structure is shown
in Fig. 1(a). It has a molecular weight of 297.357 gmol .

The donor used in this study is a conjugated co-polymer called
Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(2,5-p-xylene)] or [(ADS145UV
or PFOPX). PFOPX the molecular structure is shown in Fig. 1(b) and
has an average molecular mass of 47,500 gmol~! and is sourced
from company called American dye source, Baie-d'Urfé, Quebec
Canada. Solvents such as hexane, toluene, benzene, chloroform,
acetone, and ethanol were sourced from Sigma Aldrich, and deion-
ized (DI) water was sourced from King Saud University.

2.2. Methods

2.2.1. Synthesis

General procedure for the synthesis of CQs is as follows consid-
ering a representative example 5b. To a mixture of O-
propargylated naphthaldehyde 0.100 g (0.476 mmol) and p-
methylaniline 0.051 g (0.476 mmol) in acetonitrile (15 mL), was
added Cul 0.005 g (10 mol%) and La(OTf); 0.014 g (10 mol%) and
refluxed for 5 hrs. After completion of the reaction as indicated
by TLC, the excess acetonitrile was removed under vacuum, and
20 mL of water was added to the reaction mixture. The aqueous
layer was extracted with dichloromethane, and the combined
organic layers were dried over anhydrous Na,SOy, filtered and con-
centrated under reduced pressure. The crude product was purified
using hexane and ethyl acetate to furnish the pure product in good
yield (89 %) by column chromatography.

2.2.2. Experimental setup

Spectrophotometric measurements were conducted at room
temperature using a Perkin Elmer Lambda 950 spectrophotometer
(Llantrisant, United Kingdom) for absorption spectra, and emission
spectra were obtained using a spectrofluorometer (LS 55, Llantri-
sant, United Kingdom). A 5 cm focal length quartz cylindrical lens
was used to focus the pump pulse from the Nd:YAG laser into the
MCQ and PFOPX solutions for transverse optical pumping. The
pump pulse from the Nd:YAG laser was focused into the MCQ,
PFOPX, and mixture solutions by a frequency tripled Nd:YAG
(355 nm and 5 ns pulses). These solutions produced laser-
induced fluorescence (LIF) and ASE under suitable pump energies.

H3C
o 0.0
° CH,
HsC™ “CHs n
CHj3

(b)

Fig. 1. Molecular structure of (a) MCQ and (b) PFOPX.
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To record spectral profiles, the output emission was connected to
an optical fiber linked to a spectrograph with a linear array
charge-coupled device (LA-CCD) from Ocean Optics Spectroscopy
(Maybachstrasse, Ostfildern, Germany).

2.2.3. Computational setup

All simulations were done using TD-DFT were done using Gaus-
sian 16 software (Frisch et al., 2016) in a workstation with AMD
Ryzen 9 5950X, with 128 GB RAM, 16-core, 32-treads, 1 TB M.2
SSD (Aljaafreh et al., 2021b). The MCQ calculations were done
without any approximation or cutting of the molecular structure.
However, to simulate TD-DFT of PFOPX, the computation hardware
required may be overwhelming and time-consuming. Hence, a
close approximation called the oligomer model was followed to
investigate the TD-DFT of macromolecule PFOPX. Specifically, we
used three monomer units with a truncated tail from (9,9-
dioctyl) to (9,9-dimethly), since the tail's contribution to the
HOMO - LUMO structure was low (Aljaafreh et al., 2021b;
McCormick et al., 2013). We calculated TD-DFT for a number of
monomer units from 1 to 4, and HOMO-LUMO gaps were plotted
against (1/n); the extrapolation gives the energy gap of the CP
(Civcir et al., 2020).

3. Results and discussion
3.1. Chemistry

In the current research work, the starting precursor O-
propargylated naphthaldehyde was synthesized from 2-hydroxy-
1-naphthaldehyde and propargyl bromide following the literature
procedure (Yadav et al., 2018). The reaction of O-propargylated
naphthaldehyde and anilines with 10 mol% each Cul and La(OTf);
in acetonitrile under reflux for 5 h afforded the products (5a-e)
in good yields (80-92 %) (Scheme 1).

Characterization of the synthesized CQs was done considering a
representative compound 5b. In the 'H NMR spectrum, the singlet
at 2.51 ppm is assigned to the methyl group while the methylene
protons appeared as a singlet at 5.31 ppm. The aromatic protons
resonated as doublets and multiplets around 7.25-9.95 ppm. Other
CQs (5a, 5c-e) were also analyzed based on similar considerations.
All the synthesized compounds 5a-e are in accordance with their
literature data (Sami et al., 1992; Sharghi et al., 2013).

Synthesis of compound 5a by Sami et al. (1992)) involved the
reaction of 1-chloro-3H-benzochromene-2-carbaldehyde and ani-
lines in ethanol in the presence of 2 N hydrochloric acid at room
temperature to afford enaminoimine hydrochlorides, which upon
heating underwent ring closure with the elimination of one equiv-
alent of arylamine hydrochloride to afford the chromenoquinoline
5a, 5b, 5¢, and 5d respectively in 48 %, 42 %, 33 %, and 39 % yields
respectively. Ramesh et al. (2010) reported the synthesis of com-

I ’L R
L
NH,
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pound 5a in 78 % yield from O-propargyl-1-naphthaldehyde and
aniline. Compound 5e, reported by Sharghi et al. (2013) involved
the reaction of O-propargyl-1-naphthaldehyde and aniline using
a heterogeneous metal catalyst.

The probable mechanism for the formation of CQs 5 is shown in
Scheme 2. The O-propargylated naphthaldehyde reacts with ary-
lamines to afford the intermediate imine 6, which then undergoes
a formal [4+2] cycloaddition to form the intermediate 7. The dihy-
droquinoline intermediate 8 derived from 7, on air oxidation fur-
nishes the CQs 5.

3.2. Computation studies

The computational studies of MCQ and PFOPX were calculated
using TD-DFT Becke, 3-parameter, Lee-Yang-Parr (B3LYP) function
with 6-31G*(d,p) basis set and discussed in the section. The stan-
dard color scheme of furrier densities was followed with a trans-
parency of 50 % to show the molecular structure.

3.2.1. TD-DFT of MCQ (Acceptor)

The molecular orbitals (HOMO-LUMO) structure of the MCQ in
toluene cavitation calculated using TD-DFT with B3LYP/6-31G*
bases set is depicted in Fig. 2(a). The contour of HOMO is the same
in the acetone when compared to toluene. The orbital densities of
HOMO orbital densities were present throughout the core struc-
ture. However, more on the left side. On the other hand, the LUMO
is spread throughout the core structure of the MCQ, with more
densities accumulated on the right side. The calculated bandgap
was 3.49 eV, where the HOMO was located at —5.32 eV, and LUMO
was located at —1.836 eV. The computed UV-vis spectrum is con-
sistent with experimental results of MCQ in the toluene as in Fig. 2
(b), showing three peaks 334.6 nm, 348.9 nm, and 408.6 nm. In
comparison, the experiment results revealed that are two peaks
at 327 nm and 410 nm; and a shoulder around 353 nm for MCQ
in toluene (For low concentration), which could be attributed to
So-S3 (Peak) So-S, (shoulder), and S¢-S; (Peak) vibrational band
respectively (Duan et al., 2020). The discrepancy between simula-
tions and experimental is due to the concentration effect. Fig. 2(c)
shows the ECD spectrum of MCQ shows three Ag at the same oscil-
lator strengths of UV-vis spectra and with —0.0069, 0.00318, and
—0.0341 (1074° esu? cm?). And it has a positive and negative cotton
effect, which is essential for the polarizability of the MCQ. The
absorption spectra have three peaks at wavelengths 338.7 nm,
356.6 nm, and 422.2 nm with oscillator strengths of 0.1039,
0.0017, and 0.2866 (10~4° esu? cm?), respectively.

3.2.2. TD-DFT of PFOPX (Donor)

The PFOPX (donor) is a macromolecule; the TD-DFT of mono-
mer is alone discussed here, although calculations were done for
few monomers (oligomer) model i.e. n = 1, 2, 3 and 4. Fig. 3(a)

5a,84%; R=H

K,CO4
Acetone

faes

1 3

Cul/La(OTf),
(10 mol%)
CH3CN, reflux, 5 h

5b, 89%; R = CH3
5¢c, 80%; R = OCH;4
5d, 92%; R = ClI
5e, 85%; R =Br

Scheme 1. Synthesis of CQs, 5(a-e).
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Scheme 2. Mechanism for the formation of CQs, 5.

shows the orbit densities of PFOPX (n = 1) for HOMO, and LUMO
calculated using TD-DFT B3LYP method with 6-31G*(d,p) basis
set. The LUMO of simulated PFOPX for monomer units n =1, 2, 3
and 4 tended to become proximity to the simulated LUMO of
MCQ, which could be attributed modulation of the HOMO and
LUMO of the mixture solution and energy transfer from PFOPX to
MCQ.

Fig. 3(b) shows the UV-vis spectra of PFOPX (n = 1) using the
TD-DFT B3LYP method with a 6-31G*(d,p) basis set. This indicates
that this material has a positive and negative cotton effect, which is
essential for the polarizability of the PFOPX. The absorption spectra
have three peaks at wavelengths 310.2 nm, 277.4 nm, and
266.92 nm, with oscillator strengths of 1.226, 0.0038, and 0.0213
(1040 esu? cm?), respectively. The energy gap of the donor was
around 4.35 eV. The LUMO and HOMO of the donor were located
at —0.931 eV and —5.366 eV, respectively.

The estimated bandgap using oligomer model simulation up to
n = 4 plotted against the inverse of repetitive monomer units, and
extrapolation up to n tends to infinity (n — oo) molecular (Civcir
et al,, 2020; Gopalakrishnan et al.,, 2018). It is compared with
experimentally estimated using the intersection of absorption
and fluorescence spectra method (green star) is depicted in
Fig. 4. The difference between the calculated and experimental
energy gap is 0.036 eV, hence the simulated HOMO - LUMO struc-
tures and locus of the energy levels are very reliable. This is a cru-
cial step in understanding the energy transfer dynamics that
allows MCQ to improve the spectral intensity and band narrowing
and produce dual ASE discussed later.

3.3. Experimental studies

3.3.1. Absorption spectra of MCQ in toluene

Toluene is the best solvents based on quantum yield, the quan-
tum of MCQ in different solvent was calculated using Eq. (1) (sec-
tion 3.3.4) and given in Table 1. Hence, we studied the different
concentrations of MCQ in toluene was studied.

Fig. 5 shows the absorption spectra of MCQ in toluene for con-
centrations ranging from 52 UM to 1.68 mM. For concentrations
above 1.68 mM, the absorption spectra were saturated. The spec-
tral profile remained the same. Only a minimal shift in the spectral

peaks were observed. All spectra had three standard features at
338.7 nm, 356.6 nm (shoulder) and 422.2 nm corresponding to
vibrational bands of Sp-S3, S-S, and So-S¢, and it is consistent with
TD-DFT results with a small discrepancy.

3.3.2. Fluorescence spectra of MCQ.

Fig. 6(a), shows the fluorescence spectra of MCQ in toluene for
concentrations ranging from 105 uM to 13.4 mM; the fluorescence
increases with an increase in concentration for low concentration
up to the optimal concentration of 841 puM, where it attains the
peak intensity. The fluorescence spectral profile showed a peak
and a shoulder at 472 nm and 498 nm, respectively, for concentra-
tion 841 puM. Above this concentration, the fluorescence decreases
with increased concentration, which could be attributed partly to
increased reabsorption and vibronic band damping at higher con-
centrations (Aljaafreh et al., 2021a, 2019; Prasad et al.,, 2020).
The rise in concentration also redshifts the fluorescence peak from
460 nm to 493 nm for concentrations 105 pM to 13.4 mM. The
MCQ also showed a significant Strokes shift of 78 nm for a solution
concentration 841 puM, as shown in Fig. 6(b).

3.3.3. Effects of solvent polarity

The MCQ was dissolved with good solubility in most solvents.
The solution becomes cloudy in a high polar solvent and clear
greenish-yellow in non-polar and medium polar solvents. Intri-
gued by this behavior, we tested MCQ in solvents with increasing
polarity from non-polar to highly polar solvent. The concentration
of MCQ was kept constant at 850 puM for all solvents. It showed a
redshift in fluorescence peak depending on the increase in the
polarity of the solvent environment, as shown in Fig. 9 when the
polarity of solvent was 0.12 (hexane), the fluorescence peak was
445.8 nm. Similarly, when the polarity of solvent subsequently
increased to 2.4, 2.7,4.12, 5.12, 5.26, and 10.22 using toluene, ben-
zene, chloroform, acetone, ethanol, and water solvents shifted the
fluorescence peak of MCQ to 481 nm, 483 nm, 495 nm, 508 nm,
513 nm, and 538 nm respectively as illustrated in Fig. 7. The red-
shift (Lakshmidevi et al., 2017) of MCQ due to reduction of the
energy gap could be attributed to increased solvent polarity
(Brugel and Williams, 1993) and it is observed in organic molecules
such as oxazone (Bani-Yaseen and Al-Balawi, 2014), nifenazone



S. Prasad, M.S. Alsalhi, R.S. Kumar et al.

9

9

%

- S

2,9, ;1o
1 -2.20ev
.« i
Band Gap =3.40 eV E
H
i
| HOMO
-5.60 eV
UV-Vis Spectrum
18,000 - T 7 T T - 045
16,000 - ko4
14,000 0350
12,000 | L03 &
, 10.000 4 L0.25 ;f
8,000 - F02 @
6,000 Lo1s &
| s
4,000 | Fol &
2,000 | J - 0.05
0 Lo
r T T T T T T TEXCT] T T T jLEARLS T T T 151837 T 1
200 250 300 350 400 450 500 550 600 650 700
Wavelength (nm)
(b)
ECD Spectrum
0.005 - e - 0.025
0.004 I 0.02
~ 00034 I 0.015
g 0.002 | - 0.01
5 0.001 L 0.005
b ~
s 0+ U
< -0.001 - - -0.005
5 =
w -0.002 -0.01
-0.003 +-0.015
-0.004 - +-0.02
-0.005 - L -0.025

A B Rl
100 200 300 400 500 600 700

Wavelength (nm)
©

Fig. 2. (a) Molecular orbitals Structure of MCQ simulated using TD-DFT B3LYP
method with 6-31G*(d,p) basis set. (b) Simulated US-VIS and (c) ECD spectra of
MCQ using TD-DFT B3LYP method with 6-31G*(d,p) basis set.

(NIF), a pyrazole-nicotinamide drug (Hrdlovic et al.,, 2010) and
Bichromophoric Coumarins (Clegg, 2009).

3.3.4. Fluorescence quantum yield
The fluorescence quantum yield (QY, &) of MCQ in toluene was
measured by using the Eq.ation (1):
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Table 1
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The quantum yield (Q.Y), Strokes shift, absorption peak, and fluorescence peak of MCQ under different solvent environment.

Solvent Q.Y (%) Strokes shift (nm) Absorption peak (nm) Fluorescence peak (nm)
Hexane 12.7 % 66 380 446
Toluene 20.8 % 78 405 483
Benzene 182 % 62 422 484
Chloroform 143 % 59 436 495
Acetone 11.2% 67 441 508
Ethanol 8.1% 55 458 513
Water 52% 49 489 538
3.00 ' ' ' ' ' N 1.25
2.751 — 1.68 mM
2.501 —841mM 1.00
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Fig. 5. Absorption spectra of MCQ in toluene for different concentrations ranging
from 52 pM to 1.68 mM.
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spectrum, and the indices S and R are the sample and reference,

Fig. 6b. The Strokes’ shift between absorption and fluorescence Peak of MCQ.
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Fig. 7. The fluorescence peak with respect to the solvent polarity. The increase in
polarity of the solvent results in a peak’s redshift.

respectively. A is the optical density of the MCQ in toluene (in this
case), and n is the refractive index of the toluene. ¢.(R) is the ref-
erence fluorophore, and it is coumarin dissolved in toluene with QY
of (78 %). The QY of MCQ is found to be 20.76 % (at maximum flu-
orescence response concentration 841 puM). The QY and strokes’
shift of MCP in different solvent is given in Table 1.
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3.3.5. Absorption and fluorescence spectra of donor (PFOPX)

Despite the best efforts to pump the MCQ in toluene using 3rd
harmonics of Nd:YAG laser (355 nm) at very high pump power and
concentration, it only produced LIF, hence a donor (PFOPX) was
introduced at very low concentration to improve the performance
of the MCQ. At the low concentration comparable to relative con-
centration in the mixture solution, PFOPX would not produce
ASE; it required a minimum concentration to produce ASE. But
such low concentration PFOPX was sufficient to produce energy
transfer and made MCQ produce dual ASE. Fig. S1 shows the
absorption spectra have a peak around 340 nm, and Fig. S2 shows
the fluorescence spectra have two peaks around 393 nm and
415 nm and a shoulder around 450 nm.

3.3.6. Energy transfer and laser spectra

As the molecules in a ground state are pushed to an excited
state by the incoming photon. These molecules remain in an
excited state for a few nanoseconds. There is a high probability
that energy transfer will occur resonantly when an acceptor mole-
cule is spaced less than 10 nm called Forster radius (<10 nm) for an
effective energy transfer, also known as Forster-type resonant
energy transfer (FRET) (BeluSakova et al., 2017; Clegg, 1995;
Hussain, 2009).

Fig. 8 illustrates the emission-absorption cross-section about
91.6 % of conjugated polymer PFOPX's fluorescence (Donor) over-
laps with MCQ (Acceptor) absorption spectra. Hence there is the
abundant probability for energy transfer between PFOPX and
MCQ. However, the critical factor for energy transfer is the Forster
transfer radius (Rp). Ry can be calculated using the following
equation:

o 2000(n 10K 7 /FD (v)2a(v)dv 2
0 12875n*N, vt

where Kk is the orientation factor equal to 2/3 as the medium is iso-

tropic, n is the refractive index of the solvent, &, (f)) is the molar

extinction coefficient of the acceptor, &, is the QY of the donor,

Fp (f)) is the spectral distribution of the donor normalized to unity,

N is Avogadro’s number, and v is the wavenumber. For more infor-
mation about the theoretical aspect of this equation, see reference
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Fig. 8. The normalized absorption of MCQ (acceptor) and fluorescence of PFOPX
(donor), the overlap between them and the strokes’ shift before addition of donor.
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(Clegg, 2009). The overall spectral overlap was 6.57x
10" M 'cm~'nm*. the calculated extinction co-efficient of MCQ

was 29,980 M~'cm~!. The Ry is calculated using Eq. (2) was equal
to 44.09 A.

Usually, when a FRET occurs between a donor and an acceptor,
the donor’s fluorescence would be almost extinguished, and only a
weak fluorescence would remain, and a blue shifted. Similarly,
acceptor fluorescence increases and redshifts. Fig. 9(a) shows the
LIF and ASE spectra of pure and mixed solutions of MCQ in toluene.
The LIF spectra for the pure MCQ in toluene of concentration of
3.36 mM is very weak with a peak at 505 nm. When 0.5 mL of
PFOPX with suitable concentration to form a relative concentration
30 mM was added to 3.36 mM (relative concentration) solution of
MCQ volume 3.5 mL. The sample pump energy density of 30 mJ/
cm? produced very high LIF with a primary peak at 468 nm,
blue-shifted from 505 nm. It indicates the occurrence of the FRET
between donor and acceptor. For the same mixed solution, the
pump energy density was increased to 52 mJ/cm?, the appearance
of sharp peaks was observed, with five distinctive peaks at 394 nm
(A) and 417 nm (B), which is attributed to PFOPX peaks; 440 nm

60k T T T
] —— LIF of 18-Me-CQ
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50Kk = PFO-co-pX (30 mM)
in 18-Me-CQ at
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Fig. 9. (a) The LIF and ASE spectra of MCQ and influence of conjugated polymer
PFOPX on MCQ under 355 nm laser pumping, (b) Deconvolution of the ASE spectra
of MCQ and influence of conjugated polymer PFOPX on MCQ under 355 nm laser
pumping.
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(C) is due to merging of two vibrations bands of donor and accep-
tor. The final two peaks at 465 nm (D) and 492 nm (E) were from
MCQ, as shown in Fig. 9(b). The band (F) in Fig. 9(b) is due to spec-
tral brooding due to reabsorption. The multipeak analysis
(Aljaafreh et al., 2021c) showed in Fig. 7(c) implicated that the
peaks at 440 nm (C) and 492 nm (E) had a narrow full-width half
maximum of 13 + 2 and 14 * 2 nm, which raised from the ASE of
MCQ with a divergence of 25 milliradians (mrad). Interestingly,
the peak at 465 nm was broad with an FWHM of 27 + 1 nm did
not converge in ASE, and it remained as LIF band which is due to
fluorescence spectra interference between PFOPX and MCQ.

4. Conclusions

This work constructs CQs via the cyclization reaction of O-
propargylated naphthaldehyde and substituted anilines in good
yields. The former starting precursor, O-propargylated naphthalde-
hyde was derived from 2-hydroxy-1-naphthaldehyde and propar-
gyl bromide. TD-DFT and experimental optical properties of MCQ
and PFOPX were studied. The TD-DFT implied that MCQ is a fluo-
rescent compound with a well-defined HOMO -LUMO structure
at —5.327 eV and —1.836 eV, respectively, with an energy gap of
3.49 eV in toluene captivity. The TD-DFT simulation of a few
monomer-based oligomer models with a truncated tail of PFOPX
showed an energy gap of 3.417 eV compared to the experimental
value of 3.381 eV with a deviation of 0.036 eV. The experimental
studies of MCQ showed solvent-dependent fluorescence peak
shifted from 445 + 2 nm to 538 + 2 nm for polarity ranging from
0.01 (hexane) to 10.2 (water). Despite the good optical properties,
MCQ produced a weak laser-induced fluorescence (LIF) and did not
produce amplified spontaneous emission (ASE) for a pump wave-
length of 355 nm. The LIF suddenly improved tenfold when PFOPX
of concentration 500 nM (50 pL) was added to MCQ of 506 mM
(3.5 mL) concentration. At the optimal concentration of PFOPX
(670 nM) in MCQ solution, the spectrum changed dramatically.
The spectrum has five peaks with a LIF in the background, where
peaks around 393.5 nm and 417.3 nm attribute to the oligomer;
438.7 nm attributed to a combined fluorescence of oligomer and
MCQ; 466.4 nm, and 493.1 nm corresponding to spectral narrow-
ing and ASE from MCQ.
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