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Abstract

The development of seven-membered ring derivatives containing a coumarin moiety is crucial for
biological applications, though it remains a challenging task. In this study, we designed and
successfully synthesized two novel coumarin-based compound, Cou-EDA and Cou-OPD, which
incorporate a seven-membered ring modified with ethylenediamine and o-phenylenediamine,
respectively. The structures of these compounds were fully characterized using 1D NMR ('H and
3C) and ESI-HRMS spectrometry. Cou-EDA exhibits weak luminescence in both solution and
solid states. However, the introduction of o-phenylenediamine in Cou-OPD, which adds an
additional ring attached to the seven-membered structure, significantly enhances luminescence in #1 - stacking
both aggregated and solid states, producing a bright green emission. Cou-OPD demonstrates motion(RINs)
aggregation-induced emission (AIE) enhancement in poor solvents due to the formation of nano-
aggregates and the restriction of intramolecular motion (RIM). To confirm the formation of nano-
aggregates and to explore the morphology of the aggregate particles, dynamic light scattering
(DLS) and scanning electron microscopy (SEM) analyses were conducted.
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1. Introduction

Development of small organic compound-based aggregation
induced emission (AIE) luminogens has attracted greater
attention in recent years and has a promising application in
several research fields such as organic light emitting diode
(OLED),"** sensing,**® and bioimaging.”®® However, most
organic luminogens that exhibit strong fluorescence in
solution become weakly emissive or non-emissive upon
aggregation or in the solid state, a phenomenon known as
aggregation-caused quenching (ACQ). This leads to weak or
quenched fluorescence at higher concentrations or in solid-
state materials, limiting the practical application of these
luminogens. To address the ACQ effect, Tang et al.
introduced a new phenomenon in 2002 called Aggregation-
Induced Emission (AIE), which is the inverse of the ACQ
effect.’®"" AIE-active luminogens (AlEgens) are typically non-
or weakly emissive in solution but exhibit strong fluorescence
when in the form of nanoaggregates or in the solid state.'?"
The key factor driving the AIE effect is the restriction of
intramolecular motion (RIM) caused by supramolecular

interaction such as halogen bonding, hydrogen bonding,

T stacking, and C-H---Tr interaction.'*'®'"® Apart from
RIM, several processes such as J-aggregate formation,
planarization, E-Z isomerization, twisted intramolecular
charge transfer (TICT), and excited state intramolecular
charge transfer (ESIPT), contribute to the AIE
phenomenon.”’m'”"20 As a result, the development of organic
AlE-active luminophores is of great importance and holds
considerable potential for advancing a wide range of
applications.21

To date, several AIE molecules has been
developed, but rarely an AlE-active seven-membered
coumarin derivative has been reported.22 Coumarin, a well-
known chromophore and a naturally occurring organic
compound abundant in many plants, plays a significant role
in various Dbiological activities, including anticancer,
antioxidant, anticoagulant, antiviral, and antibacterial

23,24

effects. It has a wide range of applications in several

fields, such as detecting toxic ions, environmental protection,
pharmacological activity, and fluorescence dye.?>?%%%
Additionally, they are frequently used as chemosensors for
detecting various analytes due to their unique photophysical
properties, high quantum yield, excellent biocompatibility, and

cell membrane permeability, as well as their ease of
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synthesis and modification.?***"3  Coumarin derivatives
often shows a high fluorescence efficiency in solution state,
but their planar coumarin skeleton are prone to form strong
m-1 stacking interactions in the aggregated or solid

States.33,34,35,36

Despite  this, several coumarin-based
molecules have been developed as effective fluorescent
probes for sensing toxic analytes.® %4442 gq far, the
coupling of a seven-membered ring with coumarin to create
AlE-active compounds remains underexplored. The seven-
membered ring is a crucial structural motif found in many
natural products and biologically active molecules, making its
incorporation into coumarin  derivatives  particularly
interesting.

In this context, we successfully synthesized a
seven-membered coumarin-based compound using ethylene
diamine (EDA) and o-phenylenediamine (OPD) as mediators,
resulting in Cou-EDA and Cou-OPD, respectively (Scheme
1). Upon reduction, the free NH, group of o-
phenylenediamine and ethylene diamine undergoes
cyclization, eliminating the Cl-group on the coumarin moiety
and forming a stable 7-membered heterocyclic compound.
Cou-EDA emits very weakly in dilute solution but brightly in
aggregated form or in solid state, whereas Cou-OPD in
diluted solvent shows very weak luminescence but upon
aggregation and in a solid state emit very strongly with highly
green luminescence which is the indication of aggregation
induced emission (AIE) property. The AIE property of Cou-
OPD was further studied, the PL intensity is enhanced in the
binary solvent mixtures, MeOH:H,O and THF:H.O at 90%
water fraction, respectively. The DLS and SEM study was
performed to further support the nano-aggregated formation

of Cou-OPD in both solvent mixtures. To the best of our
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Scheme 1: Schematic representation of Cou-EDA and Cou-
OPD showing AIE.
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knowledge, this is the first reported seven-membered

heterocycle containing coumarin derivative with AIE-active

property.

2. Experimental Section
2.1. Material and physical measurement.

All chemicals employed for the synthesis and sensing
application were used as received without further purification
from commercial suppliers such as Sigma-Aldrich, Alfa
Aesar, and Spectrochem India. Infrared spectra were
recorded using a PerkinEImer FT-IR Spectrometer in the
range of 4000-400 cm™ with KBr pellets. All 1D NMR ('H and
3C) spectra were recorded on a Bruker AVANCE Il (400
MHz) spectrometer, taking chemical shift value in parts per
million (ppm) and using residual protic solvent as the internal
standard. High-resolution mass spectroscopy data was
collected on Waters XeVo G2-XS QTof mass spectrometer
connected to the ACQUITY UPLC I-Class System via an
electrospray ionization (ESI) interface. All the NMR and ESI-
HRMS spectra were processed in MestReNova software
(version V12.0.0-20080). The UV-vis spectra were recorded
in Agilent Cary 60 UV-vis spectrophotometer and PL spectra
in PerkinElmer LS-55 and Agilent Cary Eclipse Fluorescence
spectrophotometer with a quartz cuvette (path length = 1 cm),
respectively. All spectroscopic measurement were performed
in distilled acetonitrile solvent. The excitation and emission
slit were set at 5 mm with the PMT voltage fixed at 700V.

2.2. Methodology for UV-vis experiments

In the UV-vis spectroscopic channel, the experiment was
conducted as follows. The stock solution of the probe Cou-
EDA and Cou-OPD was firstly prepared in 1 mM, which was
later diluted to 0.01 mM using distilled acetonitrile. Before the
measurement, the probe from the stock solution was diluted
to 50 uM, and the spectra were recorded at room
temperature, respectively. All the experiment were performed
in distiled solvent and the samples for absorption
measurement were contained in 1 cm %1 cm quartz cuvettes
(3.5 ml volume).

2.3. Methodology for emission experiments

A stock solution (1 mM) of probe Cou-EDA and Cou-OPD
was prepared 10-15 min earlier before the experiment in
acetonitrile solution which was diluted to 0.01 mM. All
spectroscopic measurement were maintained and performed
in distilled solvent, and samples for emission measurement
were contained in 1 cm x 1 cm quartz cuvettes (3.5 mL
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volume). The probe was excited at 300 nm for Cou-EDA and
350 nm for Cou-OPD and the excitation and the emission slit

were set to 5 nm/5 nm, and the PMT voltage at 700 V.

2.4. Synthesis of 4- chloro- 2- oxo- 2H- chromen- 3-
carbaldehyde (Cou):

Following the reported procedure,®' the 4-Hydroxy-coumarin
(1g, 0.005 mol) was dissolved in 6 mL anhydrous DMF and 2
mL of POCI; was added to the reaction mixture dropwise
under continuous stirring at 0 °C. The mixture was allowed to
reflux at 60 °C, for 1 hr and then cooled down at room
temperature. Upon cooling the reaction mixture was slowly
poured into crushed ice in an ice bath with continuous stirring
and a yellow precipitate was obtained. The precipitate was
kept in a refrigerator overnight, filtered and washed with
water and dried under a vacuum. The product was
recrystallised from acetone and isolated as yellow-colored
crystals. Yield: 84% (0.935g). FTIR in KBr disk (vicm™):
3435, 3000, 1611, 1575, 1491, 1331, 1219, 761; (Figure 1)
'H-NMR (400 MHz, CDCI3): §(ppm) =10.38 (s, 1H), 8.12 (d, J
=7.2Hz, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.49-7.40 (m, 2H,).
3C NMR (100 MHz, CDCls): & (ppm) 186.9, 158.4, 153.7,
153.3, 135.8, 127.7, 125.6, 118.4, 118.2, 117.1.

2.5. Synthesis of 2,3,4,5-tetrahydrochromeno[4,3-
e][1,4]diazepin-6(1H)-one (Cou-EDA).

4-Chloro-3-formyl coumarin (0.208 g, 1 mmol) was dissolved
in 20 mL of ethanol and added dropwise to 0.6mL EDA
(ethylenediamine) under stirring condition over 30 minutes.
An immediate colour change was observed from colourless
to greenish. After 12 hours, the reaction was stopped and the
formation of the corresponding Schiff base was confirmed by
TLC. Dry NaBH4s was added in small portion till the colour
faded to whitish to reduce the Schiff base. After 1 hour of
stirring the ethanol was evaporated under reduced pressure
and the organic part was extracted using DCM. The DCM
was evaporated under rotary evaporator and a whitish solid
product was obtained. It was filtered, washed with ether, and
dried in vacuo. Yield 61% (0.156 g). FTIR in KBr disk (v/icm’
'): 3414, 2877, 1648, 1610, 1542, 1452, 1305, 1214, 889,
755. MS (ESI-HRMS; positive mode): (m/z, %). m/z =
217.0966 [(C1H12N202)]", 100%]; calcd. m/z = 217.0977; 'H
NMR (400 MHz, DMSO-dg): & (ppm) = 7.95 (d, J = 7.6 Hz,
1H), 7.53 (t, J = 8 Hz, 1H), 7.44 (s, 1H), 7.31-7.26 (m, 2H),
3.82 (s, 2H), 3.55 (q, J = 4.8 Hz, 2H), 3.00 (t, J = 5.6 Hz, 2H).
C-NMR (100 MHz, DMSO-ds): & (ppm) = 162.0, 153.6,
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151.6, 131.2, 123.4, 122.3, 116.6, 115.8, 98.1, 49.2, 45.6,
43.6.

2.6. Synthesis of 8,13-dihydrobenzo[bJchromeno[4,3-
eJ[1,4]diazepin-6(7H)-one (Cou-OPD).

The Cou-OPD was synthesized following the similar
procedure adopted for Cou-EDA. 4-Chloro-3-formyl
coumarin, Cou (0.279 g, 1 mmol) was dissolved in 20 ml
methanol and the dilution solution of Cou was added
dropwise under stirring to the o-phenylenediamine (1.07 g, 10
mmol) solution (5 mL) over 30 minutes. An orange colour ppt
was obtained immediately. After 12 hours, the reaction was
stopped and the corresponding Shiff base was confirmed by
TLC. Dry NaBH,; was added portion wise to the mixture till
colour faded to whitish to form the reduced Schiff base.
Afterward, the reaction mixture was allowed to stir for 2 hours
in room temperature, followed by the addition of 50 mL water
and a yellow-colored ppt was obtained. It was filtered,
washed with water and ether, and dry in vacuo. The ppt was
recrystallized with acetone:methanol (3:1) to isolate a pure
product. Yield 52 % (0.155 g). FTIR in KBr disk (vicm™):
3356, 3255, 1657, 1607, 1543, 1426, 1325, 1217, 898, 750,
611. MS (ESI-HRMS; positive mode): (m/z, %): 265.0972
[(C16H12N202)[", 100%]; calcd. m/z, 265.0975; 'H NMR, (400
MHz, DMSO-dg): 6 7.62 (d, J = 8.4 Hz, 1H), 7.55 (t, J = 8.0
Hz, 1H), 7.38 - 7.32 (m, 2H), 7.05 - 6.90 (m, 3H), 6.84 (d, J =
5.6 Hz, 1H), 4.39 (s, 2H), 2.17 (s, 1H). *C NMR (100 MHz,
DMSO-dg): & (ppm) = 162.5, 152.8, 145.9, 141.3, 131.9,
130.0, 124.5, 124.3, 122.1, 121.3, 120.8, 119.7, 118.5, 115.4,
99.9, 47.1.

3. Result and discussion
3.1 Synthesis and characterization

The compound Cou (4-chloro-2-oxo-2H-chromene-3-
carbaldehyde) was synthesized following the reported
procedure which was further used for the synthesis of Cou-
EDA and Cou-OPD, using 4-hydroxycoumarin with POCl; in
DMF as a solvent and isolated in good yield (84%). Cou-EDA
and Cou-OPD were obtained by stirring ethanolic/methanolic
solution of Cou with a dropwise addition of a saturated
solution of o-phenylenediamine or ethylenediamine and
allowed to stirr for 12 hr followed by reduction by sodium
borohydride at room temperature afforded a whitish and
yellow-coloured product with 61% and 52% of yield
respectively (Scheme 2). Cou-EDA and Cou-OPD were fully
characterized by one-dimentional (1D) 'H and "*C NMR
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spectroscopy, and electron spray ionization mass
spectroscopy (ESI-HRMS). The photophysical properties of
both Cou-EDA and Cou-OPD were determined by UV-vis
and photoluminescence (PL) spectroscopic methods. The
NMR spectra of Cou-EDA and Cou-OPD were recorded in
DMSO-ds at room temperature and clearly showed all
expected peaks (Figure 2 and Figure 3). The ESI-HRMS
spectra of Cou-EDA exhibit peaks at m/z = 217.0977 (calcd,
m/z = 217.0977) and Cou-OPD exhibit peaks at m/z =
265.0975 (calcd, m/z = 265.0972) which is assigned to a

single positive charged species (Figure 4).
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Scheme 2: Synthetic procedure of (a) Cou, (b) Cou-EDA
and (c) Cou-OPD.
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Figure 2: (a) 'H and (b) C NMR spectra of Cou-EDA in
DMSO-ds.
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Figure 4: ESI-HRMS spectra of (a) Cou-EDA and (b) Cou-
OPD in CH3CN.

Aggregation Induced Emission Property

Cou-EDA (50 uM) displays the UV-vis spectral bands at ~
318 nm (¢ = 6486 M cm™), ~ 300 nm (¢ = 5824 M cm™), ~
231 nm (e = 9943 M" cm™) and ~ 215 nm (e = 22781 M cm™)
and the UV-vis spectrum of Cou-OPD (50 uM) shows bands
at ~ 354 nm (¢ = 3544 M cm™), ~ 307 nm (e = 4968 M cm™),
~ 254 nm (¢ = 1116 M" cm™) and ~ 215 nm (¢ = 17116 M’
cm™) in acetonitrile solution at 25°C respectively (Figure 5).
These bands can be assigned to intraligand (IL) m-11* and n-
" transitions. Excitation of Cou-EDA at 300 nm results in a
weakly green luminescence at 435 nm and excitation of Cou-
OPD at 350 nm emits at 415 nm at room temperature (Figure
5a). Cou-EDA shows a weak luminescence in dilute solution,
but in a solid powder or aggregated form does not show any
luminescence (Figure 5b). However, Cou-OPD with a very
weak luminescence in dilute solution shows bright green
luminescence in the solid powder or crystalline form under the
illumination of 365 nm UV lamp (Figure 5c). This observation
leads to an indication of aggregation induced emission (AIE)
behavior which is comparable to those of previously reported
compounds that exhibit AIE. Firstly, the AIE property of Cou-
EDA was examined in a binary solvent mixture. The PL
spectra in MeOH and THF with increasing water fraction (0-
99%) were recorded. In both the solvent mixtures, no such PL
enhancement has been observed, which confirms the

absence of aggregation induced emission (AIE) property
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(Figure 6). Notably, the solid powder of Cou-EDA also did not
show any luminescence and indicates the absence of AlE.
The PL spectra Cou-OPD with increasing water fractions (0 to
99% of MeOH-H,O and THF-H,O) were recorded. In
methanol, the PL intensity increases with increasing in water
content (0-99%) and ~150 fold of PL enhancement is
observed in the presence of 90% water and decreases at
99% of water (Figure 7a). The plot of PL intensity with
increasing water fraction (0-99%) is shown in Figure 7b. The
digital photograph under 365 nm UV illumination also shows
an enhancement in green luminescence with increasing water
fraction at 80% and 90%, which further decreases at 99%
(Figure 7c). In THF, the PL intensity at 430 nm decreases
gradually with increasing water content from 0-80% and
shows a rapid enhancement at 500 nm with ~3 folds in the
presence of 90% water which decreases at 99% of water in
THF (Figure 8a). Similarly, the plot of water fraction (0-99%)
vs PL intensity is shown in Figure 8b. The digital photograph
shows an enhancement of green Iluminescence with
increasing water fraction at 80-90% which drop at 99%
(Figure 8c). These results indicate that Cou-OPD holds an
AIE activity, which forms nano-aggregates at higher water
fraction (f,). The PL intensity in both MeOH:H,O and THF:H,O
decrease at 99% of water, this decrease in the PL intensity is
due to the formation of a crystalline aggregated or amorphous

particles after the addition of water.

(@)
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Figure 5. (a) Normalized UV-vis and PL spectra of Cou-EDA
and Cou-OPD. Digital photos of (b) Cou-EDA (50 uM) and (c)
Cou-0OPD (50 uM) in CH3;CN solution and solid powder under
an ambient light and UV light (365 nm) illumination.

Prayogik Rasayan

Additionally, the UV-vis spectra of Cou-OPD (50
pM, MeOH and THF) with increasing amount of water (0-
99%) were recorded to support the aggregation. The
absorption band and the UV-vis spectral line of Cou-OPD (50
pM) were uplifted in both solvent mixtures with an increase in
the water content, which ascribed to the light scattering by a
nanoaggregate in solution (Figure 9a-9b). In a diluted
solution, molecules exist in a non-aggregated states and an
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of water 80 of water

40
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Figure 6. PL spectra of Cou-EDA (50 puM, Aex = 300 nm) with
increasing water fraction (0-99%) in (a) MeOH:H,O and (b)

THF:H,O mixtures at room temperature.
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Figure 7. (a) PL spectra of Cou-OPD (50 uM) with increasing
water fraction (0-99%) in MeOH (Aex = 350 nm; Aem = 500 nm)
at room temperature (b) Plot of PL intensity vs water fraction.
(c) Digital photograph of Cou-OPD in MeOH with different

water fraction under 365 nm UV illumination.
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Figure 8. (a) PL spectra of Cou-OPD (50 uM) with increasing
water fraction (0-99%) in THF (Aex = 350 nm; Aem = 500)
solution at room temperature (b) Plot of emission intensity vs
fraction of water (c) Digital photograph of Cou-OPD in THF

with different water fraction under 365 nm UV illumination.
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Figure 9. UV-vis spectra of Cou-OPD (50 uM, Aex = 350 nm)
with increasing water fraction (0-99%) (a) MeOH:H,O and (b)

THF:H,O mixtures at room temperature.

intramolecular vibratory motion and upon excitation, release it
energy through a non-radiative pathway through interacting
solvent and consequently quench the luminescence. But in
the aggregated state, the weak intermolecular interaction
such as C—Hees1r stacking and hydrogen bonding interactions
are present, which restrict the intramolecular motion and
hence intensify the luminescence of Cou-OPD. The presence
of an extra ring in Cou-OPD results in more conjugation and
enhances in -1 stacking in the aggregated or solid states
and hence shows aggregation induced emission (AIE)
enhancement, whereas in Cou-EDA, the absence of the extra
ring results in non-luminescence in the aggregated form or in

the solid state.

Dynamic Light Scattering (DLS) and Scanning Electron
Microscopy (SEM) Study

The aggregation property of Cou-OPD in MeOH:H,O (1:9
v/v) and THF:H,O (1:9 v/v) mixtures was further supported
by dynamic light scattering (DLS) study. The hydrodynamic
diameter of the aggregated particles at f, = 90% ranges at
100 to 300 nm with the Zgyerage Of 153.37 nm for MeOH:H,O
(1:9 viv) and for THF:H,O (1:9 v/v), ranges around 100 to 500
nm with the Zaerage Of 188.25 nm at f, = 90% respectively
(Figure 10a-10b). To visualize the morphology of the nano-
aggregate particles, scanning electron microscope (SEM)
images were taken under the same experimental condition at
90% of water in both solvent mixtures. The SEM image of
Cou-OPD in MeOH:H,O (fy = 90%) clearly shows the
formation of a nano-aggregate with a spherical shape and a
diameter ranging from ~100 to 500 nm (Figure 10c).
Similarly, in THF:H,O (1:9 v/v), nano-aggregated particles of
Cou-OPD were observed ranges from ~100 nm to ~500 nm
with the same spherical morphology in both the solvent
mixture (Figure 10d). Thus the direct observation through

SEM images clearly demonstrates the spherical nano-
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aggregation of Cou-OPD in both MeOH:H,O (1:9 v/v) and
THF: H,0 (1:9 v/v) solvent mixtures.

(a) **1 [ Cou-OPD in 90% water (c) %

average = 153.37 nm

z,

200 400 800 1000

600
Size / nm

[ Cou-OPD in 90% water ( )

18 Zaverage = 188.24 nm

200 400 600 800 1000
Size / nm

Figure 10. Particle size distribution of Cou-OPD (50 uM) in
(a) MeOH:H,0 (b) THF:H,O and SEM images of Cou-OPD in
(c) MeOH:H,0 (d) THF:H,O (1:9 v/v) solvent mixtures.

Conclusion

We have successfully developed two new seven-membered
ring containing coumarin derivatives, Cou-EDA and Cou-
OPD and fully characterized by 'H, "*C spectroscopy and
HRMS spectrometry. The probe, Cou-EDA, is weakly
luminescent in solution state and non-luminescent in
aggregated state and does not exhibit AIE property. The
introduction of an extra ring in Cou-OPD enhanced the
luminescence in the aggregated state and hence shows AIE
property with a bright green luminescence in aggregated and
solid state through restriction in intramolecular motion due to
T—TT stacking and intermolecular H-bonding. The AIE of Cou-
OPD was studied in two different binary solvent mixtures with
~150-fold and ~3-fold PL intensity enhancement at 90%
water fraction (f,) in MeOH and in THF, respectively. The
formation of the nano-aggregates of Cou-OPD was further
confirmed by dynamic light scattering (DLS) and scanning
electron microscopic studies. This AIE active seven-
membered coumarin is very important and can be further

applied in biological activity.
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