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ABSTRACT

Excited-state intramolecular proton transfer (ESIPT) is a photophysical process that may lead
to superior emission properties. For a long time, cinnamoyl pyrone (CP) derivatives have
been classified as non-ESIPT molecules. With the exception of those bearing a strong
electron-donor substituent, they have been considered to have no interest from a spectroscopic
point of view, because they are virtually not fluorescent in solution. Revisiting their
photophysical behaviour in solution shows the complexity of the mechanisms involved. It
appeared that CPs with no or weak electron-donor substituents indeed undergo ESIPT, but the
facile access to a conical intersection subsequently induces non-radiative deactivation, hence
the extinction of fluorescence in solution. When substituted by an electron-donating
diethylamino group, the molecules deactivate through a radiative intramolecular charge
transfer (ICT) state following an ESIPT process. In the solid state, the restricted access to
conical intersection (RACI) makes most of the CP derivatives strongly fluorescent. Whatever
the electron-donating strength of their substituent, most of these molecules become good
emitters in the solid state, with emission ranging from turquoise blue to deep red. Although
they need extensive purification, their one-step synthesis and spectacular aggregation-induced
emission (AIE) properties make these molecules good candidates for applications in the field
of AIE-probes and photoluminescent materials.

1. Introduction

Molecules that exhibit solid-state luminescence enhancement (SLE), i.e. the property
to be more strongly emissive in the various solid states than in solution, find an increasing
number of applications in the fields of optoelectronic and nanophotonic devices, high-
performance functionalized luminescent materials, biological imaging and theranostics [1].
Those emitting in the red are of particular interest for full-colour displays and super-resolution
imaging [2, 3]. Dramatic advances have been made in this field from 2001 with the
development of special molecular frameworks that promote efficient aggregation-induced
emission (AIE) [4-6]. Prototypical AIE-fluorogens are large rotor molecules such as
tetraphenylethene and pentaphenylsilole, which emit in the blue and green wavelength range
[7]. However, subsequent chemical modifications are necessary to shift the emission towards
long wavelengths. The demanding and complex synthesis is then a major drawback of this
approach. It is therefore of great interest to look for SLE-active organic molecules that can be
obtained in high yields from facile and economic synthesis.

Regarding small solid-state emitters, one of the smartest red-shifting strategies is
based on the combination of intramolecular charge transfer (ICT), commonly found in donor-
n-acceptor molecules, and excited-state intramolecular proton transfer (ESIPT), a
photochemical process leading to the formation of a keto tautomer that emits fluorescence at
much longer wavelengths than the initial enol form [8-12]. It has been reported that many
molecules with ESIPT properties are strongly fluorescent in the solid state, and even show
SLE properties, enhanced by the molecular planarization and stiffening due to ESIPT.
However, designing this type of molecule for use in the solid state remains a challenge. In
fact, the ESIPT process competes with other photophysical processes, and the balance of
powers may be very different in solution and in the solid state. Besides, the
photoluminescence (PL) properties, which closely depend on the intermolecular interactions
and packing mode, are very sensitive to the smallest structural variation and therefore difficult
to predict.



2-(2’-Hydroxyphenyl)benzazole derivatives are the typical example of molecules
whose SLE properties result from both ICT and ESIPT [13]. By comparison, 2’-
hydroxychalcones are much less popular. However, the derivatives bearing a dialkylamino
group in the para position of the phenyl ring, such as HC1, which has been reported for a
long time to exhibit ESIPT fluorescence in solution [14, 15], and some of its analogues (e.g.
HC2 and HC3), have recently proven to be valuable SLE probes that emit intense orange-red
ESIPT luminescence, particularly sensitive to the crystal packing mode [16, 17]. 2’-
Hydroxychalcone derivatives are potentially usable for the detection of alkaline phosphatase
activity [18] and for the development of organic lasers [17].
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Scheme 1. Chemical structure of SLE-active 2’-hydroxychalcone derivatives [16, 17] in the enol (E) and keto
(K) forms, and photophysical process featuring ESIPT.

Curiously, these properties have not been sought after in the closely-related family of
cinnamoyl pyrones (CP), the first member of which is compound 1 (Scheme 2). CP
derivatives have biological [19] and antimicrobial activity [20]. They have been used as
intermediates in the synthesis of pharmacologically-active pyrazole-based molecules [21],
benzodiazepines [22] and antitubercular agents [23], as well as in the preparation of
fluorescent probes for the detection of amyloid fibrils [24]. From a spectroscopic point of
view, CP derivatives have only been studied in solution. Roshal and coworkers divided them
into two groups depending on the nature of the substituent in the para-position of the phenyl
ring [25-27]. Those with strong electron-donating dialkylamino group would be well
fluorescent in weakly polar organic solvents owing to a lowest lying nn* excited state. In fact,
Benosmane et al. have observed that the position of the emission spectra of these compounds
correlates well with a solvent polarity scale, while the intensity strongly decreases in the most
polar solvents [28], which suggests the involvement of conventional ICT. In contrast, CPs
bearing neutral or weak electron-donating substituents have been classified as virtually not
emissive, which would be due to the nz* character of the low-energy excited state. This state
would lead to efficient intersystem crossing that turns off the fluorescence emission in
solution, and induces weak phosphorescence emission in polymer matrixes. On the bases of
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both experimental and theoretical work, it seems that ESIPT cannot be expected from any of
these molecules [25-27], although the hydroxyl and carbonyl group are properly displayed to
form a six-membered ring after proton transfer. Consequently, due to their poor spectroscopic
performance, CPs have attracted very little attention until now, and to the best of our
knowledge, their solid-state properties have not been studied.

However, the structural similarity between 2’-hydroxychalcone and CPs suggests that
the latter compounds deserve being studied in the solid state. Seven CP derivatives (1-7),
differing by the substituent in the para position of the phenyl group, were thus prepared, as
well as the methoxylated analogues 8 and 9, used for the sake of comparison (Scheme 2).
Crystal structures were obtained and discussed. From a spectroscopic viewpoint, most of the
CPs emitted in the microcrystalline state, much more efficiently than their methoxylated
analogues. Remarkably, the colour of the light emitted by the CPs covers the entire visible
spectrum while only a very small structural modification has been brought to their chemical
structure. The photophysical mechanism was revisited owing to quantum chemical
calculations, showing the involvement of the ESIPT process among other photophysical
mechanisms. It appears that CP derivatives, which can be obtained in the gram scale via a
one-pot reaction, are very attractive candidates for use as solid-state luminescent materials.
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Scheme 2. Synthesis and chemical structure of the cinnamoyl pyrone derivatives 1-7 and their methoxylated
analogues 8 and 9 studied in this work.

2. Experimental section

2.1. Materials

All reagent grade chemicals obtained from Sigma-Aldrich (4-methylbenzaldehyde and
4-(tert-butyl)benzaldehyde) and Alfa Aesar (dehydroacetic acid and methyl-4-
formylbenzoate) were used without further purification. Extra dry toluene (99.8 %) from
Acros Organics, as well as dichloromethane and petroleum ether from Fisher Scientific and
acetonitrile from Honeywell were used as received. The reactions were monitored by thin-
layered chromatography (TLC) using 0.2 mm Alugram Xtra silica gel 60 F254 pre-coated
sheets. Purifications by flash chromatography were made using a silica column (porosity 30
pum) purchased from Interchim.



2.2. Synthesis of the cinnamoyl pyrones derivatives

Compounds 1-3, obtained from a former work [23], were purified by flash
chromatography on silica column using dichloromethane/petroleum ether (8:2) as eluent
system for 2 and 3, and dichloromethane for 1.

For the synthesis of compounds 4-7 (Scheme 2), to a solution of dehydroacetic acid
(0.50 g, 2.98 mmol) in dry toluene (6 mL) was added the corresponding aldehyde (3 mmol).
Piperidine (0.04 g, 0.47 mmol) was added dropwise. The reaction mixture was heated to
reflux under argon for 36 h and then the toluene was removed under reduced pressure. The
oily residue obtained was dissolved in dichloromethane and washed with water. The
combined organic layers were dried over anhydrous MgSO, and the solvent was removed
under reduced pressure. Qily residues were obtained for the four compounds. Compound 6
was triturated in ethanol to get a precipitate, which was collected by filtration, and then
recrystallized in ethanol. All compounds were then purified by flash chromatography on silica
column using dichloromethane/petroleum ether (8:2) for 4 and 7, and (1:1) for 5 and 6 as
eluent system. Compounds 4—6 were obtained as yellow powders. For compound 7, the red
solid issued from chromatography was subsequently recrystallized three times in ethanol to
give a dark pink powder.

3-[(E)-3-(4-Methylbenzoate)prop-2-enoyl]-4-hydroxy-6-methyl-pyran-2-one (4)

Yield: 57%. Mp = 161°C. FT-IR (cm™): 3096, 2952, 2849, 1715, 1632, 1539. 'H NMR
(CDCl3, 300 MHz): 6 ppm = 2.24 (s, 3H, H7), 3.89 (s, 3H, H16), 5.93 (s, 1H, H5), 7.64-7.70
(m, 2H, H13), 7.85 (d, J = 15.8 Hz, 1H, H10), 7.98-8.04 (m, 2H, H12), 8.30 (d, J = 15.8 Hz,
1H, H9). *C NMR (CDCls, 75 MHz): & ppm = 20.7 (CH3, C7), 52.3 (CHs, C16), 99.6 (Cq,
C3), 102.2 (CH, C5), 125.3 (CH, C9), 128.9 (CH, C13), 130.0 (CH, C12), 131.8 (Cq, C11),
138.8 (Cq, C14), 144.3 (CH, C10), 161.1 (Cq, C2), 166.4 (Cq, C15), 169.0 (Cq, C6), 182.9
(Cq, C4), 192.6 (Cq, C8). MS/DCI (CHj,), m/z calcd for [C17H1406 + H]* = 315.0869, found
315.0866. Anal. calcd (%) for C17H1406: C 64.97, H 4.49; found: C 63.54, H 4.62.

3-[(E)-3-(4-Methylbenzene)prop-2-enoyl]-4-hydroxy-6-methyl-pyran-2-one (5)

Yield: 60%. Mp = 146 °C. FT-IR (cm™): 3093, 2968, 2921, 2854, 1716, 1644, 1622, 1604,
1520, 1510, 1483. *H NMR (CDCl;, 300 MHz): & ppm = 2.27 (s, 3H, H7), 2.39 (s, 3H, H15),
5.94 (s, 1H, H5), 7.20-7.25 (m, 2H, H13), 7.56-7.62 (m, 2H, H12), 7.96 (d, J = 15.7 Hz, 1H,
H10), 8.27 (d, J = 15.7 Hz, 1H, H9). **C NMR (CDCls, 75 MHz): & ppm = 20.6 (CHs, C7),
21.6 (CHs, C15), 99.4 (Cq, C3), 102.5 (CH, C5), 121.8 (CH, C9), 129.3 (CH, C12), 129.7
(CH, C13), 132.0 (Cq, C11), 141.9 (Cq, C14), 146.6 (CH, C10), 161.2 (Cq, C2), 168.5 (Cq,
C6), 183.2 (Cq, C4), 192.7 (Cq, C8). HRMS (ESI"): m/z calcd for [CiH1404 + H]* =
271.0970, found 271.0976. Anal. calcd (%) for C16H1404: C 71.10, H 5.22, N 10.63; found: C
70.34, H 5.29.

3-[(E)-3-((4-tert-Butyl)benzene)prop-2-enoyl]-4-hydroxy-6-methyl-pyran-2-one (6)

Yield: 56%. Mp = 118 °C. FT-IR (cm™): 3092, 2954, 2907, 2869, 1717, 1643, 1622, 1605,
1517, 1483. 'H NMR (CDCl3, 300 MHz): & ppm = 1.34 (s, 9H, H16), 2.27 (s, 3H, H7), 5.95
(s, 1H, H5), 7.40-7.46 (m, 2H, H13), 7.60-7.66 (m, 2H, H12), 7.97 (d, J = 15.7 Hz, 1H,
H10), 8.29 (d, J = 15.7 Hz, 1H, H9). *C NMR (CDCl;, 75 MHz): & ppm = 20.8 (CHs, C7),
31.2 (CH3, C16), 35.1 (Cq, C15), 99.5 (Cq, C3), 102.6 (CH, C5), 122.2 (CH, C9), 126.1 (CH,
C13), 129.3 (CH, C12), 132.1 (Cq, C11), 146.6 (CH, C10), 155.1 (Cq, C14), 161.4 (Cq, C2),
168.6 (Cq, C6), 183.4 (Cq, C4), 192.8 (Cqg, C8). MS/DCI (CH,): m/z calcd for [C19H2004 +



H]" = 313.1440, found 313.1438. Anal. calcd (%) for C19H2004: C 73.06, H 6.45; found: C
71.93, H 6.68.

3-[(E)-3-((4-Diethylamino)benzene)prop-2-enoyl]-4-hydroxy-6-methyl-pyran-2-one (7)
Yield: 57%. Mp = 158 °C. FT-IR (cm™): 3092, 2977, 1707, 1641, 1586, 1497, 1465. *H NMR
(CDCls, 300 MHz): & ppm = 1.21 (t, 6H, H16), 2.25 (s, 3H, H7), 3.43 (q, 4H, H15), 5.90 (s,
1H, H5), 6.63-6.68 (m, 2H, H13), 7.57-7.62 (m, 2H, H12), 8.00 (d, J = 15.5 Hz, 1H, H10),
8.10 (d, J = 15.3 Hz, 1H, H9). **C NMR (CDCls, 75 MHz): § ppm = 12.6 (CH3, C16), 20.4
(CHs, C7), 44.6 (CH,, C15), 98.8 (Cq, C3), 103.2 (CH, C5), 111.2 (CH, C13), 115.5 (CH,
C9), 121.9 (Cq, C11), 132.1 (CH, C12), 148.4 (CH, C10), 150.5 (Cqg, C14), 161.5 (Cq, C2),
167.1 (Cqg, C6), 183.9 (Cq, C4), 190.9 (Cq, C8). HRMS (ESI*): m/z calcd for [C19H21NO,4 +
H]" = 328.1549, found 328.1555. Anal. calcd (%) for C19H21NO4: C 69.71, H 6.47, N 4.28;
found: C 69.09, H 6.56, N 4.30.

Compounds 8 and 9 were obtained from 5 and 7, respectively, using a procedure
described in the literature [29]. For the synthesis of 8, a mixture of compound 5 (50 mg, 0.184
mmol), silver oxide (52 mg, 0.225 mmol) and methyl iodide (0.6 mL) was heated at 45°C in a
sealed tube for 24 h, and then the methyl iodide was removed under reduced pressure.
Compound 8 was purified by chromatography on silica column using dichloromethane/ ether
(95:5) as eluent system. Compound 9 was synthesized similarly starting from 185 mg (0.565
mmol) of compound 7, 143 mg (0.622 mmol) silver oxide and 1 mL methyl iodide. It was
purified by chromatography on silica column using ethyl acetate as eluent.

3-[(E)-3-(4-Methylbenzene) prop-2-enoyl]-4-hydroxymethyl-6-methyl-pyran-2-one (8)

Yield: 38 %. FT-IR (cm™): 3088, 2958, 2923, 2853, 1701, 1652, 1586, 1466. ‘H NMR
(CDCl3, 300 MHz): 6 ppm = 2.32 (s, 3H, H7), 2.35 (s, 3H, H15), 3.91 (s, 3H, H16), 6.12 (d, J
= 0.9 Hz, 1H, H5), 7.05 (d, J = 15.9 Hz, 1H, H9), 7.20-7.13 ( m, 2H, H13), 7.48-7.42 ( m, 2H,
H12), 7.56 (d, J = 16.0 Hz, 1H, H10). *C NMR (CDCls, 75 MHz): 8 ppm = 20.8 (CH3, C7),
21.5 (CHs, C15), 57.2 (CHs;, C16), 95.3 (CH, C5), 104.9 (Cq, C3), 125.9 (CH, C9), 128.5
(CH, C13), 129.5 (CH, C12), 131.9 (Cq, C11), 140.9 (Cq, C14), 143.9 (CH, C10), 162.0 (Cq,
C2), 166.2 (Cq, C6), 169.8 (Cq, C4), 189.0 (Cq, C8). HRMS (ESI*): m/z calcd for [C17H1604
+ H]" = 285.1127, found 285.1132. Anal. calcd (%) for C17H1604: C 71.82, H 5.67; found: C
69.76, H 5.27

3-[(E)-3-((4-Diethylamino)  benzene)prop-2-enoyl]-4-hydroxymethyl-6-methyl-pyran-2-one
(9)

Yield: 36 %. Mp = 158 °C. FT-IR (cm™): 3078, 2970, 2929, 2852, 1700, 1644, 1584, 1549,
1520. *H NMR (CDCls, 300 MHz): & ppm = 1.18 (t, 6H, H16), 2.32 (s, 3H, H7), 3.39 (q, 4H,
H15), 3.89 (s, 3H, H17), 6.09 (s, 1H, H5), 6.59-6.62 (m, 2H, H13), 6.84 (d, J = 15.5 Hz, 2H,
H9), 6.59-6.62 (m, 2H, H12), 7.51 (d, J = 15.3 Hz, 1H, H10). *C NMR (CDCls, 75 MHz): &
ppm = 12.6 (CHs, C16), 20.4 (CH3, C7), 44.5 (CH,, C15), 57.1 (CH3, C17), 95.4 (CH, C5),
105.5 (Cq, C3), 111.2 (CH, C13), 121.6 (CH, C9), 130.9 (CH, C12), 137.3 (Cq, C11), 145.9
(CH, C10), 149.7 (Cq, C14), 162.2 (Cq, C2), 165.3 (Cq, C6), 168.8 (Cq, C4), 189.3 (Cq, C4).
MS/DCI (CH,4): m/z calcd for [CooH23NO, + H]" = 342.1705, found 342.1709. Anal. calcd
(%) for CyoH23NO4: C 70.36, H 6.79, N 4.10; found: C 68.81, H 6.81, N 4.04.



2.3. Apparatus and methods

The melting points were measured on a Melting Point System MP50 Mettler Toledo
apparatus. Chemical characterizations were performed in the relevant services of Institut de
Chimie de Toulouse (ICT). The *H NMR and *C NMR spectra were recorded on a Bruker
AC300 spectrometer operating at 300 MHz and 75 MHz, respectively. Chemical shifts are
reported in ppm, with residual protonated solvents as internal references. The NMR spectra
together with the schemes for the numbering of protons and carbon atoms for compounds 4-9
are given in the ESI (Fig. S1 to S9). High-resolution mass spectra (HRMS) were obtained on
a Xevo G2 QTof Waters spectrometer. Infrared spectra were obtained using a Nexus
ThermoNicolet FTIR spectrophotometer equipped with a diamond ATR.

Spectroscopic measurements were made using a Xenius SAFAS spectrofluorimeter.
All fluorescence spectra were corrected. The quantum yields in solution were measured at
20°C in cells of 1 cm optical pathway, using the classical formula:

Dy = (As X Fy x N2 x Dg)(Ag x Fs X ngd) (1)
where A is the absorbance at the excitation wavelength, I the integrated fluorescence intensity
and n the refractive index. Subscripts s and x refer to the standard and to the sample of
unknown quantum yield, respectively. Coumarin 153 (& = 0.53) in ethanol was used as the
standard [30]. The absorbance of the solutions was equal or below 0.06 at the excitation
wavelength. The error on the quantum yield values is estimated to be about 10 %.

The photoluminescence of solid samples was analyzed using a BaSO, integrating
sphere, correction was made using a home-made curve. Solid samples were deposited on a
metal holder. The excitation source was scanned in order to evaluate the reflected light for the
empty sphere (Lj), the samples facing the source light (L;) and the sample out of the
irradiation beam (Lp). The luminescence spectra were recorded with the sample facing the
source light (E¢) and out from direct irradiation (Ep). The PM voltage was adapted to the
measurement of reflected light and emission spectra, respectively, and proper correction was
applied to take into account the voltage difference. The absolute photoluminescence quantum
yield values (®p.) were calculated by a method based on the one developed by de Mello et al.
[31] using the formula:

e = [Ec-(1-0)Ep]/Lact (2)
with a = 1-L¢/Lp. The error on the @p value was estimated to be about 20%.

Emission decay curves were obtained by the time-correlated single-photon counting
(TCSPC) method. The setup was composed of a titanium sapphire Ti:Sa oscillator (Spectra
Physics, Mai Tai) emitting pulses of 100 fs duration at 760 nm (80 MHz frequency). The
repetition rate was reduced down to 4 MHz by a pulse picker, and non-linear SHG crystals
generate the desired wavelength at 380 nm (GWU Lasertechnik, UHG-23-PSK). The beam
was then directed to the sample solution after adjusting the excitation power with an intensity
attenuator filter wheel. Emitted photons were detected at 90° through a polarizer at the magic
angle and a monochromator, by means of a micro-channels plate photomultiplier (MCP-PMT
R3809U-50, Hamamatsu), connected to a TCSPC module (SPC-630, Becker & Hickl).
Emission decays were finally processed with the help of the global non-linear least-squares
minimization method including reconvolution analysis (Globals, Laboratory for Fluorescence
Dynamics at the University of California, Irvine).

The microcrystalline samples were observed using a Zeiss Axioskop fluorescence
microscope (Aex = 450—490 nm, Aem> 500 nm) equipped with an Andor Luca camera.



2.4. Crystallography

Crystal data were collected at 193(2) K on a Bruker-AXS APEX Il diffractometer
equipped with a 30 W air-cooled microfocus source (ImS) with focusing multiplayer optics
(compound 5) and on a Bruker-AXS D8-Venture diffractometer equipped with a Photon Il1-
C14 detector (compounds 1, 2, 3 6, 7, 8 and 9), using MoK radiation (A = 0.71073 A). The
structures were solved using an intrinsic phasing method (ShelXT) [32]. All non-hydrogen
atoms were refined anisotropically using the least-squares method on F? [33]. Molecular
graphics were generated using the MERCURY software [34]. Hydrogen atoms were refined
isotropically at calculated positions using a riding model with their isotropic displacement
parameters constrained to be equal to 1.5 times the equivalent isotropic displacement
parameters of their pivot atoms for terminal sp® carbon and 1.2 times for all others carbon
atoms. H atoms on O were located by difference Fourier maps and freely refined. Selected
crystallographic data are collected in Table 1. CCDC-2183755 (1), CCDC-2183756 (2),
CCDC-2183757 (3), CCDC-2183758 (5), CCDC-2183759 (6), CCDC-2183760 (7), CCDC-
2183761 (8) and CCDC-2183762 (9) contain the supplementary crystallographic data for
these compounds. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/structures/.

2.5. Theoretical calculations

The ground- and first excited-state potential energy surfaces of the isolated compound
1 were explored using complementary density functional theory (DFT)-based approaches.
Time-dependent DFT (TD-DFT) and its spin-flip variant (SF-TD-DFT) were used to
investigate the excited-state potential energy surfaces of this representative system. TD-DFT
and SF-TD-DFT calculations were performed with the MN15 [35] and BH&HLYP [36]
functionals, respectively, and the 6-311+G** basis set. The excited-state transition state was
optimized at the TD-DFT level only, for which analytical second derivatives of the energy
with respect to nuclear coordinates could be computed. The SF-TD-DFT calculations used a
reference triplet state obtained from a restricted open-shell DFT calculation. Conical
intersections were optimized only at SF-TD-DFT level, as it allows a correct description of
the potential energy surface topology where the ground- and first excited state couple [37].
Effects of the solvent were included within the integral equation formalism polarizable
continuum model (IEFPCM) [38]. The external iteration state-specific non-equilibrium
approach [39] was used to compute vertical emission energies. Calculations were also
performed on compound 2 containing a weak electron-withdrawing substituent and on a
model system of compound 7 by replacing the electron-donating diethylamino group by a
dimethylamino group. The charge transfer character of the lowest excited state was evaluated
by computing the D¢ index [40], which gives a measure of the length of the electron transfer
associated to an electronic transition. DFT and TD-DFT calculations were performed with
Gaussian 16 [41]. Gamess [42] was used for SF-TD-DFT calculations. The geometries
(Cartesian coordinates) of optimized structures obtained at TD-DFT and SF-TD-DFT levels
are given in Tables S1 to S4.
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Table 1. Crystallographic data of cinnamoyl pyrone derivatives

1

Ci5H120,4
256.25
Monoclinic

P2,/c

11.9829(8)
15.1973(9)
20.6256(12)
90
102.698(2)
90
3664.2(4)
12

0.300 x 0.250 x
0.200
1.393

122262/8734

0.0644
526/0
0.0656

0.1713
0.393 and -0.257

2183755

2
Ci5H1:CIO,
290.69
Triclinic
P1

5.1462(3)
9.6514(7)
13.1348(10)
86.694(3)
89.630(3)
85.656(3)
649.42(8)

2

0.500 x 0.040 x
0.040
1.487

16895/3216

0.0439
186/0
0.0406

0.1108
0.384 and -0.233

2183756

3
Ci5H11BrO,
335.15
Monoclinic

P2,

3.9144(3)
39.571(3)
17.1033(12)
90
90.860(2)
9
2649.0(3)

8

0.400 x 0.050 x
0.040
1.681

47456/12981

0.0520
732/2
0.0626

0.1453
1.356 and -1.879

2183757

5
C16H1404
270.27
Triclinic
P1

7.2990(15)
13.636(3)
15.155(3)
105.819(5)
102.990(5)
104.283(6)
1335.6(4)
4

0.450 x 0.120 x
0.080
1.344

40080/5432

0.0994
371/0
0.0589

0.1948
0.261 and -0.281

2183758

6

Ci19H2004
312.35
Monoclinic
Cc

17.3394(10)
10.5346(7)
11.0119(13)
9
125.4673(13)
9

1638.2(2)

4

0.280 x 0.180 x
0.150
1.266

24044/3901

0.0399
216/2
0.0364

0.0894
0.163 and -0.163

2183759

7
C19 H21N04
327.37

Monoclinic

P2,/c

16.0760(13)
17.0969(9)
13.3865(8)
90
114.513(2)
90
3347.7(4)

8

0.300 x 0.200 x
0.150
1.299

171737/8309

0.0967
448/0
0.0446

0.1156
0.293 and -0.196

2183760

8

Ci7 H1604
284.30
Monoclinic

P2,/c

7.6260(4)
26.7355(15)
7.7699(5)

90
115.0090(19)
90
1435.64(15)
4

0.600 x 0.250 x
0.080
1.315

45366/3551

0.0281
193/0
0.0522

0.1373
0.407 and -0.251

2183761

9

Cy H23sNO,
341.39
Monoclinic

P2,/c

7.7635(2)
7.4928(3)
30.5667(12)
90
94.7660(10)
90
1771.93(11)
4

0.080 x 0.080 x
0.040
1.280

31656 / 5185

0.0674
230/0
0.0495

0.1276
0.322 and -0.200

2183762



3. Results and discussion
3.1. Synthesis

All compounds were prepared by condensation of dehydroacetic acid and appropriate
aldehyde in refluxing dry toluene according to a one pot procedure [43]. Monitoring the
reaction progress by TLC and NMR showed that impurities were formed and reagents were
not completely consumed after 36 h under the experimental conditions used. Compounds 8
and 9 were obtained by heating the hydroxylated parent compound (5 and 7, respectively) at
45°C in a mixture of Mel and Ag,O for 24 h [28]. All compounds were extensively purified
by chromatography, and subsequent recrystallization, otherwise the presence of colored
impurities led to major variations of the spectroscopic properties. As a result, yields were
around 60% for 4, 5, 6 and 7, and slightly lower than 40% for 8 and 9.

3.2. Crystallographic study

For most of compounds, good quality single crystals were obtained by slow
evaporation of dichloromethane solutions. Only 4 gave tiny needles whatever the
crystallization conditions implemented so far, and so the X-ray analysis could not be
performed.

The molecular views are given in Fig. S10. All molecules examined are found in trans
configuration. As all H atoms of hydroxyl groups were located by difference Fourier maps
and freely refined, it is possible to compare their position. Noticeably, for CP derivatives 1—3
and 5-7, a strong intramolecular hydrogen bond takes place between the carbonyl oxygen
atom O(4) and the hydrogen atom H(3) of the hydroxyl group. The length of this H-bond is
below 1.7 A. For the methyl (5) and diethylamino (7) derivatives (Fig. 1), the hydrogen atom
H(3) of the hydroxyl group is situated at almost equal distance (~1.2 A) from both oxygen
atoms O(3) and O(4), thus giving some symmetry to the six-membered ring. The conjugated
electron system is relatively planar. Its twisting degree can be estimated by the dihedral angle
a between the planes of the pyrone and phenyl rings (Table S5). For instance, one of the
molecules that compose the asymmetric units of the methyl derivative 5 is the flattest (o0 =
3.3°). At the opposite, two of the molecules in the asymmetric unit of the bromine derivative
3 are twisted by 28.8° and 30.8°.

\ S
4) c16 03

Fig. 1. Molecular structure of compounds 5 (a) and 8 (b).
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In striking contrast, regarding the methoxylated CPs, the pyrone ring is twisted by 67°
for 8 with respect to the cinnamoyl fragment (Fig. 1), and almost perpendicular for 9, whose
diethylamino group is slightly bulky. By comparison, this observation reveals that the
intramolecular H-bond of the hydroxyl derivatives is necessary to lock the molecular structure
and to make it quasi-planar.

The molecular arrangement is different for every compound. The network is mainly
structured by hydrogen bonds always involving the O(1) oxygen atom of the pyrone ring and
possibly the O(2), and a hydrogen atom of a neighbouring molecule. Representative examples
are given in Figure 2. For most of the hydroxyl derivatives (1, 2, 5, 6 and 7), molecules are
more or less oriented along their long axis. For 1, 2 and 5, neighboring molecules located in
relatively close planes form sort of antiparallel dimers and finally assemble as layers,
although each molecule of 5 also shares close contacts with its neighbours situated in higher
or lower parallel planes, due to the structuring effect of the methoxy group. For 7, molecules
displayed in the same plane do not form dimers, but assemble as a continuous layer. The tert-
butyl derivative 6 exhibits a stair-like arrangement of molecules located in parallel planes,
closely intertwined with other molecules located in a very different plane (the angle between
the phenyl rings of both types of molecules is about 76.3°), forming face-to-plane
interactions. In this case, the tert-butyl groups contribute to the structuration of the network.
Finally, for the bromine derivative 3, the differently oriented molecules form sort of a
herringbone structure. For all these compounds, very little overlap of the aromatic moieties
was noticed when considering the molecules located in the stacking axis.

Fig. 2. Molecular arrangement in crystals of 2, 6 and 7. Intermolecular distances are given in A.
Regarding the methoxylated derivatives, molecules are arranged head-to-head and

form layers. For 8, the pyrone rings assemble as columns with significant overlap between
them, while in 9 they are displayed by pairs and slipped with respect to each other (Fig. 3).
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Fig. 3. Molecular arrangement in crystals of 8 (left) and 9 (right). Intermolecular distances are given in A.

3.3. Theoretical investigation of the competing photophysical pathways

Before undertaking the experimental study, it seemed necessary to revisit the
expected spectroscopic behaviour of CPs using powerful theoretical tools. TD-DFT and its
spin-flip variant, SF-TD-DFT, were used to investigate the lowest singlet excited state (S;)
relaxation pathway. Specifically, the latter approach allows the correct description of conical
intersections (Cls) [44], i.e. critical points of exact degeneracy between adiabatic electronic
potential-energy surfaces of ground and excited states, where the probability of non-radiative
internal conversion is very high. It is nowadays firmly established that accessible Cls play a
key role in the non-radiative decay of excitation energy of molecules.

Calculations were made by first considering molecule 1 in vacuo as the simplest
isolated representative system. Figure 4 shows that upon excitation to the S;(r,n*) state, the
system in the trans configuration first relaxes to a planar structure (Min-S;-trans). Then, a
favorable ESIPT process can take place producing the excited-state keto form (Min-S;-trans-
ESIPT). Min-S;-trans-ESIPT lies 8.5 kcal/mol below Min-S;-trans, and the ESIPT process is
barrierless (at the TD-DFT level, Min-S;-trans is not a stable intermediate and the system
relaxes directly from the Franck-Condon point to Min-S;-trans-ESIPT). Finally, a low-lying
So/S1 minimum energy conical intersection (So/S;-trans/cis-ESIPT-MECI) can be reached by
overcoming a very small excited-state potential energy barrier of 3 kcal/mol (computed at
TD-DFT level both in gas phase and in dichloromethane) from Min-S;-trans-ESIPT. The
torsion dihedral angle around the ethylenic C=C double bond is ~93° at the MECI. The
molecule can then efficiently return to the ground state towards the trans or the cis isomer due
to the peaked topology of this conical intersection (for the interested reader, further discussion
about the topology of the conical intersection seam can be found in Fig. S11). This MECI is
located at a very low energy: 35 kcal/mol below the Franck-Condon region and 20 kcal/mol
below Min-S;-trans-ESIPT. It is thus most likely responsible for the very efficient non-
radiative decay and photoisomerization of 1 in solution. This result is perfectly in line with
the literature reports which describe this molecule as non-fluorescent at room temperature and
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somewhat unstable from a photochemical point of view [26]. It is noteworthy that emission
from the Min-S;-trans-ESIPT excited-state intermediate, if any, would be expected in the 400
nm region. Inclusion of the solvent effect for dichloromethane leads to an emission energy of
3.11 eV (399 nm).

CP derivative 2, which bears a weak electron-withdrawing substituent, was then
considered. The computed S; excited-state potential energy barrier from the excited-state keto
form (Min-S;-trans-ESIPT) to the So/S; MECI was found to be 3.8 kcal/mol in
dichloromethane, a result similar to that of CP derivative 1.

Sy(m,n*) 97.7
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Fig. 4. Schematic potential energy profile for the isolated molecule 1 along the main S; excited-state relaxation
pathway. Calculations are performed at the SF-TD-BH&HLYP/6-311+G** level in the gas phase. Energies are
in kcal/mol with respect to the ground-state minimum (Min-Sy-trans). SF-TD-DFT values are in normal font and
MN15/TD-MN15 values are in parentheses. Geometries are obtained at SF-TD-DFT level (excited-state
structures are indicated in red). f is the oscillator strength. Relevant bond lengths are in A. The torsion dihedral
angle around the ethylenic C=C double bond (6(eth), in blue font) involves atoms C7, C8, C9 and C10 of
molecule 1 in Fig. S10 (numbering similar to that of 5 in Fig. 1a).

The occurrence of a twisted intramolecular charge transfer (TICT) process was also
investigated on compound 1. In the TICT state (Min-S;-TICT), the torsional angle of the
pyrone moiety is around 60°. The electronic structure of this TICT state results from a
mixture of (r,7*) and (n,m*) contributions and involves a charge transfer from the pyrone to
the cinnamoyl moiety (Fig. 5). This state is less accessible energetically than the ESIPT state
(Min-S;-trans-ESIPT), lying about 11 kcal/mol above the latter at the SF-TD-DFT level. At
the TD-DFT level, Min-S;-trans-ESIPT and Min-S;-TICT are very close energetically (within
1 kcal/mol) in the gas phase, but upon including the dichloromethane solvent, Min-S;-TICT
raises 7 kcal/mol above Min-S;-trans-ESIPT. If populated, it would lead to a weak emission
in the 600 nm region (530 nm in dichloromethane). However, it can be expected that this
emission would be quenched by the presence of a So/S; MECI lying only 5.6 kcal/mol above
the TICT state. The sloped topology of this TICT MECI (in contrast to the peaked topology of

13



the ESIPT MECI) also means that the non-radiative decay is expected to regenerate the initial
ground-state Min-Sy-trans isomer.
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Fig. 5. Schematic potential energy profile for the TICT photophysical relaxation pathway of molecule 1.
Calculations are performed at the SF-TD-BH&HLYP/6-311+G** level in the gas phase. Energies are in
kcal/mol with respect to the ground-state minimum (Min-Sep-trans). SF-TD-DFT values are in normal font and
MN15/TD-MN15 values are in parentheses. Geometries are obtained at SF-TD-DFT level (excited-state
structures are indicated in red). f is the oscillator strength. Relevant bond lengths are in A. The torsion dihedral
angle of the pyrone moiety (6(pyr), in blue font) involves atoms C6, C5, C7 and C8 of molecule 1 in Fig. S10
(numbering similar to that of 5 in Fig. 1a). HOMO and LUMO orbitals are shown at both Min-Sy-trans and Min-
S;-TICT.

For convenience of calculation, compound 7 was investigated by considering a model
molecule (7°) where the diethylamino group was replaced by a dimethylamino group. This
strong electron-donating substituent introduces a significant ICT character in the S;(n,m*)
state compared to compound 1 (Fig. 6). The charge transfer occurs from the dimethylamino
group to the pyrone moiety, in the opposite direction to that observed for the TICT state of
compound 1. Unsurprisingly, the TICT S; state in compound 7’ is highly destabilized to the
point where no stable TICT structure could be found on the S; potential energy surface in this
system. As a consequence, only the ESIPT relaxation channel is left in 7°. In the isolated
system, the Min-S;-trans-ESIPT structure (keto form) lies 5.1 kcal/mol (2.5 kcal/mol at TD-
DFT level) below Min-S;-trans (enol form). While the S¢/S; MECI could not be located in
this system due to a strong spin-contamination of the S; excited state in the crossing region,
the excited-state barrier towards the S¢/S; MECI is computed at 5.6 kcal/mol (7.4 and 8.0
kcal/mol in dichloromethane and acetonitrile, respectively) at the TD-DFT level. The increase
of this barrier compared to compound 1 could partly explain the increase of the luminescence
quantum yield for compound 7°. Another factor in favor of this enhanced luminescence is the
increase of the oscillator strength from 1.19 in 1 to 1.50 in 7” in dichloromethane. The vertical
emission energy in 7’ is computed at 2.635 eV in dichloromethane, corresponding to an
emission wavelength of 470 nm, to be compared with the experimental emission maximum of
7’ and 7 in this solvent, i.e. 2.15-2.16 eV (575-573 nm) based on literature [28] and our own
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measurement (vide infra). The TD-DFT calculations overestimate the emission energy by
about 0.45 eV. Note that replacing the dimethylamino group by a diethylamino group has a
very weak influence on the emission energy and on the excited-state barrier, which have been
calculated to be 2.615 eV / 474 nm and 7.6 kcal/mol, respectively, for 7 in dichloromethane.
This validates the choice of our model system.

- G Gt

D(Sy—S,) 1.78 A 3.74A
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Fig. 6. Frontier orbitals of system 1 and model system 7 (with a dimethylamino group) at the MN15/6-311+G**
level in dichloromethane. The D¢t index is given for the Sy—S; transition as a measure of the charge transfer
distance.

3.4. Spectroscopic study

In dichloromethane and acetonitrile solutions, the CP derivatives 1-6 were
characterized by a strong absorption band peaking in the UV range around 360 nm and
absorptivity values (¢) around 28000 M™cm™, with small variations depending on the weak
electron donor effect of the substituent (Table 2 and Fig. S12). Compound 7 absorbed in the
blue around 478-484 nm with absorptivity as high as 43000 M™cm™, which indicates strong
ICT due to the electron-donating diethylamino group. By comparison with their respective
hydroxyl analogues 5 and 7, the methoxylated compounds 8 and 9 absorbed at much lower
wavelengths (e.g. 312 and 402 nm, respectively in acetonitrile) and with smaller absorptivity,
which may be attributed to their non-planar structure.

Our extensively-purified compounds 1-6 and 8 were virtually not emissive in the two
solvents used. In contrast, the diethylamino derivative 7 was fluorescent, with maximum
emission in the orange (576 and 590 nm in dichloromethane and acetonitrile, respectively).
According to our SF-TD-DFT calculations, these values correspond to an emission from an
ICT state after relaxation via an ESIPT process on S;. The solvent effect is rather weak on the
emission energy of 7, corresponding to a decrease of the emission energy of 0.05 eV, in good
agreement with the predicted red-shift of 0.03 eV. It is noteworthy that the quantum yield of 7
was 12.5-fold higher in dichloromethane than in acetonitrile. Interestingly, the methoxylated
analogue 9 emitted weak green fluorescence in these solvents. The comparison between 7 and
9 highlights the advantage of the rigid structure of 7.

The microcrystalline powders of CPs 1-6 appeared yellow when observed with white
light. Under UV illumination, they emitted turquoise light. The photoluminescence (PL)
spectra peaked between 494 and 502 nm (Fig. 7 and S13). Compound 7 was a dark pink
powder, with deep red emission. Indeed, the emission spectrum peaked around 658 nm and
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tailed into the IR region (Table 2). It is noteworthy that all compounds can be excited both in
the UV (380 nm) and in the blue portion of the visible spectrum (470 nm). Their emission
efficiency depended on the nature of the substituent. For CPs with weak electron-donor group,
the best photoluminescence quantum vyields (PLQY) were obtained for 4 and 5, with value
around 0.14. For the diethylamino derivative 7, the PLQY was up to 0.32. As detailed in
Table S6, the emission decays were strongly multiexponential and dependent on the emission
wavelength, which suggests the involvement of molecules in various microenvironments, or
the contribution of various emissive excited states. The intensity-weighted average lifetimes
[45] were in the nanosecond range or below, clearly indicating the fluorescence nature of the
emission, and ruling out any hypothesis of phosphorescence. We did not perform theoretical
calculations in the solid state because they are very elaborated and time-consuming. However,
our results acquired in the gas phase and in solution are enough to propose some relevant
hypotheses about the photophysical mechanism. For compounds 1-6, the fact that emission is
observed in the solid state while the compounds are virtually not fluorescent in solution can
be attributed to the restricted access to conical intersection (RACI), now recognized for
underlying the behaviour of numerous SLE-active molecules [5, 46, 47]. In fact, due to the
microenvironmental changes around the molecules, the Cl is frequently higher in energy and
thus less accessible in the solid state than in solutions. In the present case, molecules 1-6
should be blocked in the Min-S;-trans-ESIPT state, from which they deactivate radiatively.
The experimental and calculated maximum emission values are in good agreement if the
packing effect is taken into account. For molecule 7, the RACI may confine the molecules in
the Min-S;-trans-ESIPT state.
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Fig. 7. Photoluminescence spectra of CPs 5 and 7, and their methoxylated derivatives 8 and 9, in the
microcrystalline state (lex = 380 nm). The intensity is proportional to the photoluminescence quantum yield.
Insets: Samples of the corresponding as-synthesized microcrystalline powders illuminated by a hand-held UV
lamp (365 nm).

The microcrystalline powders of the methoxylated derivatives 8 and 9 were
respectively light beige and ocher. These compounds emitted at much shorter wavelengths,
with much weaker intensity and shorter lifetimes than the corresponding hydroxyl analogues
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5and 7 (Fig. 7, Table S6 and Fig. S15). This comparison shows well that the intramolecular
locking of the planar structure, and maybe ESIPT, are necessary so that CPs can emit at long
wavelength and intensely in the solid state. No particular sensitivity to a mechanical stimulus
was observed by grinding the as-prepared powders with a mortar and a pestle.

Compound Solutions Solid-state ®

Acetonitrile Dichloromethane

Jeabs € em D Aabs € Aem D ApL DpL <tp >’ XRZ

(nm) | Mtem?) | (nm) (m) | Mtem?®) | (nm) (ns)
1 356 | 27100 nf® | nf 358 | 25100 nf nf 500 0.08 1.05 1.077
2 358 | 28000 nf nf 362 | 29200 nf nf 500 0.08 1.95 1.144
3 360 | 29000 nf nf 362 | 27200 nf nf 502 0.04 0.58 1.248
4 356 | 27000 nf nf 358 | 27200 nf nf 502 0.13 1.63 1.139
5 364 | 28000 nf nf 368 | 27000 nf nf 498 0.14 0.95 1.176
6 366 | 27000 nf nf 368 | 25800 nf nf 494 0.03 0.36 1.607
7 478 | 43900 590 | 0.016 | 484 | 43700 576 | 0.20 658 0.32 1.56 1.218
8 312 | 23500 nf nf 320 | 21800 nf nf 473 <0.005 0.78 1.274
9 402 | 30800 488 | 0.007 | 410 | 31700 514 | 0.015 | 556 0.04 1.09 1.037
# Jex = 380 nm.

b nf: not fluorescent.

Table 2. Spectroscopic properties of compounds 1-9 in solution and in the solid state (as-prepared
microcrystalline powders). Maximum wavelength of absorption (Zem), emission (de,) and photoluminescence
(4pL), molar absorption coefficient (¢), fluorescence and photoluminescence quantum vyields (@ and @p,),
intensity-weighted photoluminescence mean lifetimes (<zp.>") and (=) the goodness-of-fit value.

Finally, the AIE behaviour of CPs was studied using compounds 5 and 7. As seen
above, the methyl derivative 5 is not luminescent in organic solvents. The emission efficiency
of the dialkylamino derivative 7 decreases markedly in a polar solvent like acetonitrile and it
can be anticipated that its fluorescence will be even weaker in aqueous solvents, especially
with the involvement of special deactivation mechanisms that have been shown to be
ubiquitous for red emission [48]. Both compounds being strongly emissive in the solid state,
and poorly soluble in water, an AIE effect can be expected. Indeed, marked spectroscopic
changes were observed when increasing from 0 to 95% the fraction of water (f,) in an
acetonitrile solution of 5 and 7 at constant dye concentration (Fig. 8a,b). For 5, almost no
fluorescence was detected till f,, = 70%, and then the intensity of the emission spectra was
drastically increased. The emission spectra obtained with f,, = 80-95% were reminiscent of
that of the microcrystalline powder, but they were situated at lower wavelengths (468 nm vs
498 nm). For 7, the spectra first underwent a red shift together with a decrease in intensity,
due to the variation of solvent polarity, and then a strong emission of photoluminescence was
observed. The emission spectra resembled that of the microcrystalline powder for f,, = 80%
with a maximum at 658 nm, and then it underwent a small blue shift at higher water
proportions. In both cases, the PL increase was associated to the formation of particles that
slowly precipitate in the suspension, as illustrated for 7 in Figure S14. When observed under
the fluorescence microscope, these particles were strongly emissive on a dark background.
They were very thin rods for the sample of 5 prepared with 95% water, and thick crystalline
platelets for 7 (Fig. 8c). This observation confirms the AIE effect, which is here particularly
spectacular.

During these experiments, it was noted that the PL of the microcrystals of 7 was
unchanged after prolonged observation under the strong microscope beam (Aex = 450—490
nm). In contrast, the very thin needles of 5 tended to fade, suggesting a particular
photochemical sensitivity. This prompted us to observe the behaviour of native microcrystals
of 5 placed directly in front of the lamp, in the absence of any filter. After 30 min irradiation,
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the fluorescence of the microcrystals was completely extinguished. After dissolution of the
microcrystals in CDCls, the *H NMR spectra showed the appearance of very small signals
(Fig. S16-S19). In comparison, the irradiation of a solution of 5 (6 x 10 M) in CDCl; for 2h
mainly led to the appearance of other signals, attributable to the cis form of compound 5, i.e.
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Fig. 8. a) Samples of compounds 5 (left) and 7 (right) at ~2.4 x 10 M in pure acetonitrile and various
water/acetonitrile mixtures containing from 20 to 95% water observed upon illumination by a UV lamp at 365
nm. b) Corresponding emission spectra with excitation at 410 nm for 5 and 560 nm for 7. The arrows indicate
the evolution of the spectra with increasing the water fraction f,. ¢) Fluorescence microscopy images of the
samples containing 95% water.

two multiplets centered at 7.47 and 7.15 ppm (H12 and H13 protons of the benzene ring,
rspectively), two doublets at 7.24 and 7.22 ppm (H9 and H10 ethylenic protons) with J = 12
Hz instead of 15.7 Hz for the trans form, 5.70 ppm (H5), 2.36 and 2.28 ppm (methyl groups).
From the integration, the proportion of the cis form with respect to the trans form was
estimated to be at around 30% in the irradiated solution. This shows that the CPs bearing a
weak electron-donor substituent indeed undergo photoisomerization in solution. This process
was not detected in the crystals, where it is probably quite inefficient because steric
constraints prevent intramolecular motions. In contrast, another type of photoproduct is
generated in the solid state, in a very small but sufficient quantity to induce a decrease of the
PL efficiency. A thorough photochemical study of CPs would be instructive, but it is beyond
the topic of the present study. At this stage, it can be said that compound 7 is very lightfast
and the other compounds can be considered as sufficiently photostable for most of
applications in the solid state.

4. Conclusion
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For a long time, CP derivatives have been considered like having little interest from a
spectroscopic point of view. Revisiting their photophysical behaviour made it possible to
highlight the complexity of the mechanisms involved. It appeared that CPs 1-6 with no or
weak electron donor substituents indeed undergo ESIPT in solution, but the facile access to a
conical intersection subsequently induces non-radiative deactivation. Regarding the CP
derivative 7, substituted by a strong electron donor group, the presence of the latter allows the
molecule to prefer another deactivation pathway in solution, through a radiative ICT state
following an ESIPT process. In the solid state, where the access to Cl is probably reduced,
most of the CP derivatives show very attractive emission properties. In contrast to 2’-
hydroxychalcones that are not emissive in the crystalline state when they bear a weak
electron-donating substituent [49], CP derivatives are tunable solid-state dyes, which emit
efficiently from the turquoise to the deep-red regions. This feature is far from being common
for compounds prepared by a one-step synthesis, and it makes them even more attractive. In
conclusion, our study rehabilitates the unjustly discarded CP derivatives, which can now find
applications in the field of AlIEgen-based probes and photoluminescent materials.
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