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Abstract

A series of fluorescent carbazole-coumarins exhibiting good photoluminescence quantum
yields and thermally activated delayed fluorescence (TADF) properties have been designed and
synthetized using computer-aided density functional theory calculations. The TADF
characteristics of the carbazole-coumarins were systematically explored both in solution and
in the solid state, utilizing poly(methyl methacrylate) (PMMA) as a matrix. The study revealed
that the introduction of carbazole units onto the coumarin benzene ring led to compounds with
thermally induced reverse intersystem crossing and delayed fluorescence. The study further
demonstrated the potential utility of these compounds in practical applications by
incorporating them into a Cmr-PMMA-based sensor for molecular oxygen detection. The
resulting sensor exhibited promising performance, highlighting the adaptability and efficacy of
the synthesized TADF-carbazole-coumarin compounds for reversible molecular oxygen
sensing.
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Introduction

The coumarin scaffold represents a privileged molecular motif for the design of
pharmacologically active molecules. In fact, compounds bearing a coumarin core have been
studied as potential central nervous system drugs,’ as anticancer,? anti-inflammatory,® and
anticoagulant agents.* As well, a series of natural and synthetic coumarin derivatives have
shown not negligible antiviral and antibacterial activity.® Furthermore, an essential part of the
studies concerning the use of coumarin derivatives in drug discovery and technological
applications focus on their electronic profiles and chemical-physical properties with particular
emphasis on fluorescence.® It is well documented that the decoration of electron-donating
groups on the coumarin benzene ring leads to highly efficient dyes.’ For this reason, emitting
coumarins have been used as metal-free luminescent sensors and probes for biological
applications® and as site-selective bioimaging agents.® On the other hand, thermally stable
coumarins have been proposed as useful emitters for organic light-emitting diodes'™ and as
dyes for solar cells." In recent years, three coumarin derivatives, endowed with high
photoluminescence quantum yield (PLQY) and thermally activated delayed fluorescence
(TADF) properties,'? have been reported in the literature, respectively by Qi and co-workers in
2016  (8-(((4-(dimethylamino)phenyl)imino)methyl)-7-hydroxy-4-methyl-2H-chromen-2-one,
CDPA),"® and by Zhang in 2017, who synthesized the phenoxazine compound (9-(10H-
phenoxazin-10-yl)-6H-benzo[c]chromen-6-one, PHzBCO)."* Later in 2019, the same group
reported the structurally related sky-blue emitter 9,10-dimethyldihydroacridine (MAB)' (Figure
1). These compounds can be described as D-n-A fluorophores in which a donor unit (D) is
represented by a strongly donating heterocyclic substituent such as PHzBCO or MAB, or by a
hydroxyl group as for CDPA; the acceptor moiety (A) is represented by the carbonyl-conjugated
coumarin scaffold. Recently, our research group has conducted a series of photophysical
studies on variously substituted coumarins, aimed at the development of new organic dyes for
both OLEDs and biomedical applications.16 In particular, we evaluated the link between the
PLQY and the structure of coumarin derivatives. Following these investigations, we observed
that the replacement of the aryl groups with nitrogen aromatic heterocycle substituents, in
particular carbazole units, amplified the optical properties of our coumarins, both in terms of
PLQY and fluorescence lifetime. Coumarin-carbazoles (Figure 1) possess modest-to-large
energy gaps, AEST, (0.29-0.57 eV) between the lowest-lying singlet (S1) and triplet (T1) excited
states. A sufficiently small AEST allows thermally induced reverse intersystem crossing (RISC)
that converts triplet excitons into singlets, generating delayed fluorescence (DF) as compared
to the prompt one (PF, Figure S1)."*"” This phenomenon and the AEST are also dependent on
the surrounding environment. In particular, TADF dyes show sensitivity to oxygen as their triplet
states are efficiently quenched by 0,."® A certain number of oxygen-mediated luminescence
turn-off processes have been exploited for the quantification of this gas. Ratiometric oxygen
sensors based on emitting organometallic complexes,'® metal-organic frameworks (MOFs),2°
and polymers embedded with mixtures of fluorescent and phosphorescent dyes, including
TADF-copolymers, have all been investigated for oxygen detection in different environments,
including in vitro biological assays.?’ Herein we report the synthesis and photophysical



characterization of a series of TADF-carbazole-coumarin small molecules and the studies
carried out for their use as reversible molecular oxygen sensors. For these purposes, the
luminophores were incorporated into commercially available polymers, and stereolithography
3D printing of these mixtures allowed to achieve easy-to-handle thin plate sensors.
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Figure 1. a) Known coumarin-based TADF molecules; b) 6- and 7-Cz-coumarins, PXZ and PTZ-
coumarin scaffolds studied in this work.

Results and Discussion
Computational Insight

With the aim to explore the properties of hew coumarin-based TADF derivatives, we first
undertook a computational study of 3-carboxyethyl coumarin derivatives (Cmr) at the DFT level
to predict their optical properties by optimizing the structures in their ground and excited states
at PBE0/6-31G(d,p) level. A carbazole unit (Cz) in position 5, 6, 7 or 8 of the chromenone
benzene-ring was considered together with two other stronger electron-donating substituents,
phenoxazine and phenothiazine (PXZ and PTZ). The PBEO functional was adopted to describe
the electronic structure,? and the excited state properties being calculated within the Tamm-
Dancoff approximation (Figure 2).%3

A comparison between the lowest unoccupied molecular orbital (LUMO) of all the analyzed
Cmr-Czs revealed similar energy values, indicating that the Cz is poorly electronically coupled
to the same acceptor group for all the compounds; similar LUMO levels were computed also
for Cmr-6PXZ and Cmr-6PTZ. Among the Cmr-Cz derivatives, positioning the carbazole unit at
the 8- and 5-position (Cmr-8Cz and Cmr-5Cz) produces dyes with the smallest AEST (0.15 and
0.16 eV, respectively), suggesting these two compounds to potentially be TADF. By contrast,



moving the carbazole moiety to positions 6 and 7 led to compounds with AEST of 0.29 and 0.57
eV, respectively. However, among the evaluated structures, Cmr-7Cz presents the largest
oscillator strength (f) for the S0-S1 transition, whilst the one with the smaller AEST, Cmr-8Cz,
also displayed the smaller f; similarly, Cmr-PXZ and Cmr-PTZ possess both small AEST (0.02
eV), stabilized S1 states and negligible or null values of f. The emissive S1 state in each
compound is charge-transfer in nature. Finally, we calculated the dihedral angle between the
donor and the coumarin acceptor core. Depending on the nature of the donor, the designed
compounds showed a calculated D-A dihedral angle between 47 and 127°, with almost perfect
orthogonality observed for Cmr-6PXZ and PTZ (Table S1 in ESI).
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Figure 2. Computed optimized structures, molecular orbitals, and scheme of energy levels of
Cmr compounds reporting band gaps (Egap), the ground state level (S0), the lowest singlet (S1)
and triplet (T1) states, and oscillator strengths of S1-S0 transition.

However, we noted that the dihedral angle seems to play a less relevant role in determining the
suitability as TADF molecules for this class of compounds than in other cases, since molecules
with comparable dihedral angles, like Cmr-7Cz display quite different computed TADF features.
The incorporation of a cyano-group onto the coumarin core (CmrCN-6Cz) was also



investigated. However, the quantum mechanical calculations for this derivative did not show a
significant enhancement in the chemical and physical properties compared to the original
Cmr-6Cz analogue. Instead, there was a slight reduction in the gap (down to 0.25 eV) along with
a decrease in the oscillator strength (down to 0.13 eV). Finally, aiming at discussing the
detected optical properties (vide infra), the conformers of Cmr-6Cz and Cmr-7Cz obtained by
changing by 90° the dihedral angle between D and A were also computed (Figure S2).

Synthesis

Based on this computational study, the most promising coumarin compounds were prepared
following a multigram scale two-step synthesis based on a Knoevenagel condensation reaction
between the commercially available bromo-salicylaldehydes 1a-1d and diethylmalonate under
mild conditions to afford the desired derivatives 2a-d in 78-90% vyield. Similarly, 4-
bromosalicylaldehyde was reacted with malononitrile to obtain the corresponding 6-
bromocoumarin 3c in almost quantitative yields. Once recrystallized, pure bromo-coumarins
were submitted to Pd(0)-catalysed Buchwald-Hartwig coupling conditions with the desired
heterocyclic amines (Cz, PXZ, PTZ). Compounds Cmr-6Cz and Cmr-7Cz were obtained in 48
and 50% vyield after EtOH crystallization;** however, this synthetic approach did not allow to
isolate Cmr-5Cz and Cmr-8Cz, which were observed in trace amounts, and as inseparable
mixtures from other unidentified products.
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Scheme 1. Two-step synthesis of Cmr-6Cz and Cmr-7Cz, Cmr-6PXZ and Cmr-6PTX. Synthesis
of CmrCN-6Cz.

Different synthetic approaches to obtain these two derivatives including reactions catalyzed by
other Pd- and Cu-complexes were unsatisfactory, and studies aimed at the isolation of Cmr-
5Cz and Cmr-8Cz are still ongoing. On the other hand, Cmr-PXZ and Cmr-PTZ were isolated in
satisfactory yields and easily purified through crystallization. Finally, CmrCN-6Cz was isolated
in 48% yield as reported in Scheme 1. To verify the computed dihedral angles 6D, between the
D-group and the coumarin scaffold of the Cmr-adducts25 we performed single X-ray diffraction
analyses experimentally measured 8D for Cmr-6Cz, Cmr-7Cz (light yellow crystals) and Cmr-



6PXZ (red crystals), Figure 3); attempts to obtain suitable crystal structures of Cmr-6PTZ (red
powder) for single crystal XRD analysis were unsuccessful. The recorded values of 6D = 83.73°
(Cmr-6Cz), 6D = 48.06° (Cmr-7Cz) and 6D = 76.24° (Cmr-6PXZ) are in reasonable agreement
with the computed values reported in Table S1, supporting the validity of the in-silico
predictions, despite the overestimated value for the Cmr-6Cz compound (Figures S3-S5).

Figure 3. ORTEP representation of Cmr-6Cz (CCDC deposition number 2290080), Cmr-7Cz
(CCDC deposition number 2289932) and Cmr-6PXZ (CCDC deposition number 2289931) (C =
grey atoms, O =red atoms, N = blue atom, H = white atoms) and measured dihedral angles.

Photophysical Characterization of Cmr Derivatives

Toluene Cmr-derivative solutions were submitted to absorption measurements (Figure 4). Cmr-
6Cz showed a broad low-energy absorption band with a maximum at about 390 nm ascribed to
a CT state, followed by three higher energy narrow and intense peaks at about 340, 325, and
below 300 nm linked to locally excited states. Interestingly, Cmr-7Cz displayed an inverted ratio
of the intensity of these bands and a much more intense low-energy CT band. On the other
hand, Cmr-6PTZ and Cmr-6PXZ have very low-intensity CT absorption bands (at about 420 and
430 nm, respectively), in line with the near-zero computed f for the CT S0-S1 transition. The
study of CmrCN-6Cz was instead abandoned due to its low solubility in most of the solvents
taken into consideration (Figure S6).
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Figure 4. (a) Absorption spectra; (b) emission spectra excited at 410 nm. Cmr compounds were
analyzed in toluene (10° M).

In toluene, we observed blue emission (APL = 470 nm, with a shoulder at 505 nm) for Cmr-7Cz

and green emission (APL = 495 and 532 nm) for Cmr-6Cz and Cmr-6PXZ, respectively. No
appreciable luminescence could be recorded for Cmr-6PTZ as summarized in Table 1.



Table 1. Optical features of Cmr compounds in toluene.

Samples labs (NmM) e (Nm)  PLQY T, (ns)
(%)

Cmr-6Cz 385 495 28 11.0

Cmr-7Cz 400 470 49 9.0

Cmr-6PXZ 420 532 0.5 1.5

Cmr-6PTZ 430 - - -

Analyses were carried out using 10 M solutions of dyes in the reported solvent. Steady-state
and time-resolved emission were excited at 410 and 350 nm respectively. PLQY was estimated
by means of an integration sphere exciting the samples at 350 nm.

The PLQY of all three derivatives was estimated using an integration sphere, excited at 350 nm.
Cmr-6Cz and Cmr-7Cz are much brighter, with PLQY of 28 and 49%, respectively, while that of
Cmr-6PXZ is 0.5%. Solvatochromic studies were carried out for Cmr-6Cz and Cmr-7Cz, using a
panel of solvents including n-hexane, diethyl ether, dimethylformamide, chloroform and
toluene (Figures 5a and 5b). The recorded emission spectra revealed a strong positive
solvatochromic effect leading to a large red shift of the emission as the polarity of the solvent
increases, paired with an overall decrease in the emission intensity and a broadening of the
spectral features, as expected for compounds emitting from a CT state.? Finally, we carried out
lifetime experiments by exciting the coumarin samples at 350 nm. In Figure 4c we report the
decays for Cmr-6Cz and Cmr-7Czin toluene, with lifetimes of 11 and 9 ns, respectively for Cmr-
6PXZ a fast decay time of about 1.5 ns was estimated (Figure S7). No delayed emission was
observed in these samples, likely due to the presence of fast non-radiative deactivation
pathways in solution.?” The trend of decay times in different solvents is reported in Figure S8,
showing that, by increasing the polarity of the solvent, the lifetime of Cmr-7Cz increases about
4 times, from 3.5 ns in hexane to 15.0 ns in DMF. The same trend was recorded also for Cmr-
6Cz. The PLQY was also evaluated for these two compounds under different environmental
conditions by bubbling O2 and argon gasses into their toluene solution. PLQYs of 36 and 55%
for Cmr-7Cz, and 16 and 34% for Cmr-6Cz were measured under oxygen and argon bubbling,
respectively.?® Despite the absence of any delayed emission, the presence of O, reduced the
efficiency of the emission as compared to in-air conditions because of increased interactions
between O, with the excited molecules in their triplet states. Finally, we performed some
preliminary transient absorption spectroscopy (TAS) measurements of these two compounds
in different solvents. In general, the TA spectra of both of the samples (Figure 5d) displayed
broad excited state absorption (ESA) bands in the 420-500 nm and in the 600-700 nm ranges.
The peak position and shape of the ESA transitions depend on the solvent polarity, as expected



for CT states. Interestingly, in the case of Cmr-7Czin chloroform also an intense negative signal
in the AA spectrum was detected at about 520 nm, which may be related to ground state
bleaching (GSA) or stimulated emission (SE) transitions. The TA spectra as a function of the
time (Figure 5e) show that both the positive ESA in the blue region and the negative GSA/SE
signals reach their maximum after a few ps, as also shown by the kinetic traces in Figure 5f (the
overall contour map of TA measurement is reported in Figure S9).° Both the solvent
dependence of the ESA and the observed rise time of the signals confirm the CT character of
the investigated systems and the presence of triplet localized excited (LE) and CT dark states
whose solvent-dependent relative positions can largely affect the TADF efficiency.?”-?° All the
experimental data coupled with the simulation results suggest that Cmr-6Cz and Cmr 7Cz
samples are TADF compounds, although no delayed emission was recorded in solution, as
already reported for other D-A organic systems.?’
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Figure 5. Cmr-6Cz (a) and Cmr-7Cz (b) emission features in different solvents; decay time plot
of Cmr-6Cz and Cmr-7Cz in toluene under 350 nm excitation (c); TA spectra of Cmr-6Cz and
Cmr-7Cz in different solvent pumped at 410 nm (8 ns time scale) (d); TA spectra at different
probe delay of Cmr-7Cz in chloroform (150 ps time scale) (e); kinetics traces of TA signals of
Cmr-7Cz in chloroform (f).

The compounds were also dispersed in PMMA films (10% w/w concentration) in an attempt to
detect the delayed emission by suppressing non-radiative decay in a solid host matrix. At room
temperature (Figure 6a) all Cmr-compounds emit in the green region except for Cmr-6PXZ,
which emitted in the red region (Figure 6a, APL =495, 515, and 550 nm for -7Cz, -6Cz and -6PTZ,
respectively, APL = 610 nm for Cmr-6PXZ). Emission lifetime and PLQY measurements were



carried out at room temperature (data are summarized in Table 3). Time-resolved (TR) PL
measurements under vacuum of Cmr-6Cz and -7Cz revealed the expected delayed emission.
Moreover, temperature-dependent TR PL measurements confirmed that the delayed emission
was thermally activated (Figure 6b-f). Measurements recorded at 77 K allowed us to observe,
in the millisecond time domain, a phosphorescence emission red shifted by about 30 nm (0.13
eV) in both samples (Figure 6b and 6¢).*°
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Figure 6. PL spectra of PMMA-Cmr compounds excited at 410 nm (a); fluorescence and
phosphorescence spectra of the film at 77 K (b and ¢); decay time at different temperatures (d
and e) or under different environmental conditions (f).

Finally, also in the case of the solid-state systems, we recorded the effect of oxygen on the
photophysical properties of the emitters. As shown in Figure 6f, in the presence of oxygen there
is a significant quenching of the delayed emission confirming the involvement of excited triplet
states in the overall emission process. We observed delayed emission at room temperature,
with the emission spectrum almost overlapping the prompt emission. Notably, Cmr-7Cz
displayed a red shift of about 40 nm compared to Cmr-6Cz. This shift was attributed to the
interaction between the guest molecule and the host matrix. Decay time plots indicated two
emitting centers with similar lifetimes (Figure 7). Spectral analysis revealed two distinct
contributions in both prompt and delayed fluorescence for both compounds (see Figures S10-
S11 and Tables S2-S3 for more details). The dual-emitting center concept was applied to
determine the relative contribution of prompt and delayed emissions.®' Despite the similar
AEST, we observed two different kinetics for the two samples across the time range explored,
with a larger relative contribution of the delayed emission in the Cmr-6Cz sample. The analysis



showed a higher DF/PF value for Cmr-6Cz compared to Cmr-7Cz, aligning with the assessment
of temperature-dependent emission features and suggesting superior TADF performance for
Cmr-6Cz.

Table 2. Optical features of Cmr compounds in toluene.

Properties Cmr-6Cz Cmr-7Cz
AeL (NM) 508 497
PLQY (%) 11 30

S; (eV) 2.44 2.49

T: (eV) 2.32 2.35
AEsr (V) 0.12 0.14

Tp (NS) 15.2 6.6

Tq (US) 809 395

Tohox (MS) 4.5 5.9
ko(s™) 3.44-10° 2.16-107
ka(s™) 2.13+-10' 9.05-10°
Kisc(s™) 3.06-10° 1.51-10’
Krisc(s™) 3.63-10° 1.90-10’

All the measurements were recorded by exciting the samples at 410 nm at room temperature
(except for T1 which was measured at 77 K). Mean decay times and transition rates are
calculated according to the procedure reported in ESI. PLQY was estimated by means of
integrating sphere; AEST was estimated by the difference between the prompt and
phosphorescence emission signal. From the reported analysis, the kinetics parameters of the
two emitters were extracted (Table 3), including the reverse intersystem crossing rate constant
according to equation 1:

kpka®rapr
k = 2=~ eq. 1
RISC Kisc®r (eq. 1)

The evaluated rate constants show that in both cases the direct and reverse rates of Cmr-6Cz
are slightly larger than the ones of the Cmr-7Cz, confirming the former as the most promising
TADF compound.
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Figure 7. Prompt and delayed emission for Cmr-6Cz (a) and Cmr-7Cz (b) films; Integrated
emission of Cmr-6Cz (c) and Cmr-7Cz (d) films over different time range with fit results, mean
lifetime of prompt, delayed and phosphorescence emissions, and estimated ratio between
delayed and prompt contributions. Samples were excited at 410 nm.



Electrochemical properties of Cmr-6Cz and Cmr-7Cz were also performed (Figure S12). Cmr-
6Cz shows a reduction peak at -1.22V (vs SCE), whereas Cmr-7Cz presents a cathodic wave at
-1.24 V. From the CV curves the reduction and oxidation potentials are retrieved, at -1.22V/-
1.17V and -1.24V/-1.17V for the two compounds respectively. Consequently, the energy band
gap of 2.39 eV (518 nm) and 3.44 eV (518 nm) are estimated, in reasonable agreement with our
UV/VIS measurements. 231

Oxygen sensing studies

Cmr-6Cz and Cmr-7Cz PMMA films were finally investigated as solid-state oxygen sensors. To
pursue in these investigations, the polymeric samples were placed first under an inert nitrogen
atmosphere and the partial pressure of oxygen was gradually increased: as the oxygen pressure
increased, the PL intensity continuously decreased (Figure 8a and 8c). The emission intensity
ratio in N, vs the emission intensity in O, was evaluated from the spectra. The estimated
emission intensity ratio was 1.51 and 1.47 for Cmr-6Cz and Cmr-7Cz, respectively. The
dependence of the integrated emission intensity on the O, concentration was then analysed
using the Stern-Volmer equation (eq. 2), describing the non-linear curves reported in Figure 8b
and 8d, for the Cmr-6Cz and -7Cz samples respectively.®® In eq. 2 /O and / represent the
integrated emission intensities under nitrogen and at different oxygen concentrations; fc is the
fractional contribution of one of the two different centres participating in the bi-molecular
process causing the emission quenching; K'sy and K%y are the Stern-Volmer constants of the
two sites and pO.is the relative pressure of O..

ly
e fc 1-fc (eq.2)
1 2
1+Kgy p0,  1+Kgy pO,

The nonlinear Stern-Volmer plots suggest that there are two different quenching processes: the
first one is very fast and reactive even at low oxygen pressure and accounts for about 90% of
the reactive sites (fc is equal to 91 and 86% for Cmr-6Cz and Cmr-7Cz, respectively); the
second one is relatively slow and allows some residual fluorescence, which is not quenched
by oxygen. The existence of domains less permeable to oxygen in our solid-state samples may
be responsible for the non-linearity of the reported curves.*® Despite the overall low sensitivity
to oxygen,3+3® the high precision fitting by eq. (2) for both compounds (R values of 0.99 and 0.98
for Cmr-6Cz and Cmr-7Cz, respectively) can be exploited to precisely evaluate the oxygen
concentration by measuring the ratiometric photophysical properties of the film samples. The
observation of residual emission foratmospheric oxygen pressure agrees with the results of the
PL decay measurements for these compounds in PMMA films under vacuum or under air
(Figure 6f), confirming that these systems are characterized by delayed fluorescence, even in
the presence of 0,.%°



—_
QO
~

Cmr-6Cz in PMMA
6.010* | — 9.0x10 hPa
—_ — 7.0x10*hPa
= — 6.0x102hPa
& — 4.0x102hPa
= 2
= — 3.0x102hPa
= 4|
@ 4010 — 9.0x10' hPa
‘GE) — 1.0x10" hPa
= — 1.0x10° hPa
T, owrot — 1.0x10° hPa
0.0 : ; ; ; :
450 500 550 600 650
Wavelength (nm)
(b) 1.2x10° .
Cmr-7Cz in PMMA
— 7.3x10%hPa
__1.0x10% — 6.3x10%hPa
= — 5.3x10%hPa
L g.ox10" — 43x10%hPa
= — 3.3x10%hPa
@ — 1.0x10>hPa
c 4
g 6.0x10 — 1.0x10' hPa
= — 10x10"hPa
T 4.0x10* — 1.0x102hPa
— 1.0x10°hPa
2.0x10%
0.0 ‘ ‘ ; : ‘
450 500 550 600 650
Wavelength (nm)
(c)
15 @ Cmr-6Cz in PMMA
27 ——Fit
1.4
= 134
1.2 R = 0.9939
f=0.9144
114 KL, = 0.00043 hPa"
0 K%, = 0.1622 hPa"
0 200 400 600 800
pO, (hPa)
(d)
15 @ Cmr-7Cz in PMMA
27 —Fit
1.4+
= 1.3
124 R =0.9761
f=0.8554
119 KL, = 0.00035 hPa"
10 K2, = 0.8804 hPa'
’ T T T T
0 200 400 600 800
pO, (hPa)
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To assess the possible application of the two PMMA systems as O, sensors we measured
repeatedly the emission spectrum in air and under vacuum conditions. Once the oxygen was
removed the delayed emissionincreased in both samples by 6 times, the on/off switching being
reproducible several times within the uncertainty level of the experiment. On the contrary, the
prompt emission of both emitters was insensitive to the environment conditions, being
constant during the oxygen on/off measurements. Clearly, when integrating the overall signal
on a millisecond scale, Cmr-6Cz is more efficient for detecting the presence of oxygen because
of the relatively higher contribution of the delayed emission with respect to the prompt one
(Figure 9). Subsequent evaluation of these emitters as O, sensors in HDDA and Tegorad
matrices was not possible due to the almost total suppression of the delayed emission in both
cases, showing that the selection of the matrix is crucial to achieve a viable O, sensor (Figure
S12). Although various ratiometric TADF-systems are known for the determination of O,,*” our
prototype Cmr-7Cz-PMMA (K's, = 0.00035hPa-1; K2, = 0.8804hPa-1) fits well among oxygen
sensors characterized by high sensitivity, reproducibility, reversibility and low cost (figure 8¢
and 8d). Indeed, various sensors already reported in the literature are based on the use of
organometallic complexes including Zn®* or other critical transition metals like iridium.™ On the
other hand, photoluminescent TADF copolymers seems to be limited due to their synthetic
complexity.?® In this scenario, a device obtained from small, easily preparable organic
molecules embedded in commercially available and inexpensive polymeric resins, is certainly
advantageous and prone of further applicability in sensing technologies.
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Figure 9. Variation of integrated PL intensity recorded for the prompt and delay fluorescence of
Cmr-6Cz and Cmr-7Cz under different sample chamber conditions (vacuum and air). Samples
were excited at 410 nm.



Biocompatibility of Cmr derivatives

With the aim of assessing their potential as dyes for biomedical applications, we conducted a
series of biological tests on both normal and cancer cell lines using the MTT assay, with
camptothecin as a positive control. Thyroid cells, SK-MES-1, Vero-76, CCRF-CEM, and WIL-2NS
were separately treated with varying doses of both Cmr-6Cz and Cmr-7Cz (ranging from 10 uM
to 100 pM). After a 24-hour incubation period, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was added, and the optical density was measured at
550/690 nm using a microplate reader. The cell growth/viability at each concentration of
coumarin was expressed as a percentage of untreated controls. Concentrations resulting in
50% inhibition (CCso) were determined through linear regression analysis, with all tests
conducted in triplicate. As indicated in Table 3, both coumarins demonstrated no cytotoxicity
against any of the cell lines tested (CC50 >100 uM).*®

Table 3. In vitro cytotoxic effects of Cmr-6Cz and Cmr-7Cz and reference compound Camptothecin against
different cancer and normal cell lines.

CCso (uM)? Cmr-6Cz Cmr-7Cz Camptothecin
SK-MES-1 >100 >100 0.006 £ 0.003
Vero-76 >100 >100 -
CCRF-CEM >100 >100 -
WIL-2NS >100 >100 -
TPC-1 >100 >100 0.01£0.02
Nthy-ori-3-1 >100 >100 0.01 +0.02

CCso: compound concentration required to inhibit cell proliferation by 50%. Data are expressed
as the mean = SD from the dose-response curves of at least three independent experiments.

Furthermore, Nthy-ori-3-1 cells were incubated with 1 puM of Cmr-6Cz and analysed using a
fluorescence microscope. In vitro cellular imaging was conducted utilizing a digital image
analysis system with blue and orange filters. Figure 10 illustrates the fluorescence emitted by
Cmr-6Cz in the treated cells (b). DAPI staining of the nucleus (a) revealed that Cmr-6Cz
predominantly distributed in the cytoplasmic region, with minimal fluorescence observed in
the nucleus. The merging of emission from Cmr-6Cz and DAPI confirmed the cytoplasmic
targeting of this coumarin (c). In contrast, control cells without treatment with the coumarin
derivative exhibited no fluorescence.



Figure 10. Cellular imaging of Nthy-ori3-1 cells treated with Cmr-6Cz coumarin (1pM). a)
representative nuclei in the blue field (DAPI); b) in the orange field (Cmr-6Cz); C) merge (Cmr-
6Cz /DAPI). (Exc. 470-495 nm and 530-550 nm).

H2DCF-DA method was employed to assess the effect of ROS production induced by Cmr-6Cz
and Cmr-7Cz on normal thyroid cells. As illustrated in Figure 11a, coumarins tested at 10 uM
significantly decreased the basal intracellular ROS production in a time-dependent manner
(p<0.05). The generation of ROS induced by H.O, was notably increased when compared to
untreated cells (p<0.05). Conversely, Cmr-derivatives effectively reduced intracellular ROS
production in H,O,-treated cells in a time-dependent manner (p<0.01). Additionally, cells
treated with different concentrations of Cmr-6Cz or Cmr-7Cz (10 uM, 20 uM, 30 uM, and 40 pM)
did not exhibit a dose-dependent ROS-scavenging effect (Figure 11b and c).



B3 DCF

@l OCF+H,0;

3 DCF+Cmr-7Cz

Mm DCF+Cmr-6Cz

88 DCF+Cmr-6Cz + H20,
. 21 DCF+Cmr-7Cz + H;0;
3 50-
o
£ 40- 3
o
&
.E 90 ab
o X
2 20- N
8 \
& 10- N
s
[T

incubation time (min)
b
Cmr-6Cz

= 15+
o - Cmr-6Cz 10 pM
£ -& Cmr-6Cz 20 pM
£ 101 Cmr-6Cz 30 uM
= —* Cmr-6Cz 40 uM
w
(%]
& 5-
(%]
w
g
o
S
E c L] L] L) L) L] L]

S e S & & P
c incubation time (min)

Cmr-7Cz

= 20-

i -~ Cmr-7Cz 10 uM

Cmr-7Cz 20 uM
= Cmr-7Cz 30 uM
- Cmr-7Cz 40 mM

-
T

Fluorescence intensity/ a
-
w (=]
L L

(=]

incubation time (min)

Figure 11. ROS level, visualized as H2-DCF-DA fluorescence and expressed as arbitrary units
(a.u), in Nthy-ori3-1 cells after treatment with Cmr-7Cz and Cmr-6Cz. a) Cmr-7Cz and Cmr-6Cz
treatment reduced ROS generation in the Nthy-ori3-1 cells at different time points
(0,15,30,60,90, 120 minutes) after incubation with or without H.O,; b) and ¢) ROS production
by different concentrations of Cmr-6Cz and Cmr-7Cz. Values not sharing a superscript letter
are significantly different (p < 0.05). These findings suggest that both coumarins not only



possess radical scavenging activity but also demonstrate efficacy as potent inhibitors against
hydrogen peroxide-induced cellular oxidative stress.

Conclusion

In this study, we have demonstrated how the insertion of carbazole heterocyclic derivatives on
the benzene ring of coumarin scaffolds allows access to new biocompatible organic dyes
characterized by good photoluminescence quantum vyields and TADF properties. The
prediction and design of these compounds were guided by quantum chemical calculations
that highlighted the potential value of Cmr-Cz adducts as TADF emitters. These results were
corroborated by experimental findings, which validated these predictions. TADF properties of
carbazolyl-coumarins were explored in solution and in the solid state by embedding the dyes
in PMMA. A Cmr-PMMA-based sensor for O, detection was also produced, demonstrating the
utility of these compounds. In in vitro cultures, these compounds have demonstrated
cytoplasmic distribution and a notable action as radical scavengers, protecting cells from
oxidative stress. Currently, new studies aimed at developing intracellular fluorescent sensors
and utilizing these derivatives as fluorescent probes with potential applications in bioimaging
are underway.
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