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ARTICLE INFO ABSTRACT

Keywords: A series of halogenated hexahydroxanthene (XAN) derivatives, XAN-F, XAN-Cl, XAN-Br, XAN-I, and XAN-5F,
Hexahydroxanthene were synthesized to investigate their room-temperature phosphorescence (RTP) and optical oxygen-sensing
Halogens performance. Single-crystal X-ray diffraction revealed that heavier halogens (Br and I) induce nearly orthog-
Phosphorescence

onal dihedral angles between the xanthene and phenyl rings (84.87° for XAN-Br and 86.18° for XAN-I),
enhancing molecular rigidity and spin-orbit coupling (SOC). This structural configuration promotes efficient
intersystem crossing (ISC) and suppresses nonradiative decay, enabling pronounced RTP. In contrast, XAN-Ph
without halogen substitution displayed fluorescence, while derivatives bearing lighter halogens (F, Cl, and 5F)
exhibited only low-temperature phosphorescence. Thin films of XAN-Br and XAN-I containing 1 wt% Zeonex
displayed strong RTP with lifetimes up to 4.48 ms. They also showed exceptional ISC quantum yields (93.02 %
for XAN-Br and 93.51 % for XAN-I) and large vacuum-to-air photoluminescence intensity ratios (14.67 and
15.33, respectively). These features translated to excellent oxygen sensitivity, with Stern-Volmer quenching
constants (Kg,) of 6.08 x 10™> and 1.11 x 10~ ppm™! for XAN-Br and XAN-I, respectively. This high oxygen
sensitivity arises from efficient triplet-triplet energy transfer from the XAN’s triplet excited state to ground-state
triplet oxygen, leading to nonradiative quenching. With their metal-free composition, efficient RTP, excellent
oxygen responsiveness, and good solution-processability into thin films, XAN-Br and XAN-I represent promising
candidates for use in optical oxygen sensors for biomedical diagnostics, food preservation, and environmental
monitoring.

Room temperature phosphorescence
Oxygen sensing

* Corresponding authors. while those with sensitivity in the 5-15 % range are effective for
monitoring blood oxygenation [3]. Among various sensing platforms,
room-temperature phosphorescence (RTP)-based optical oxygen sensors

have gained increasing attention as an alternative to conventional

1. Introduction

Oxygen sensors are essential across a broad range of fields, including
biomedicine, environmental monitoring, industrial process control,
combustion systems, and safety diagnostics, where accurate oxygen
detection contributes to enhanced efficiency, safety, and sustainability
[1]. In biomedical applications, for example, sensors with sensitivity in
the range of 0.5-3.0 % O are well suited for imaging tumor hypoxia [2],

* Corresponding author.

electrochemical sensors (e.g., Clark electrodes), owing to their distinct
advantages: non-(or negligible) consumptive oxygen detection, high
precision, long-term operational stability, miniaturization potential, and
real-time visual feedback through emission color changes [4,5]. RTP
materials feature long emission lifetimes, large Stokes shifts, and high
signal-to-noise ratios, with luminescence often visible to the naked eye
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[6]. RTP occurs from spin-forbidden radiative transitions from the
triplet excited state 3T to the singlet ground state 13y, leading to long-
lived luminescence with lifetimes ranging from microseconds to sec-
onds or even longer at room temperature [7]. Achieving robust RTP
under ambient conditions requires (i) efficient triplet population via
intersystem crossing (ISC), typically by enhancing spin-orbit coupling
(SOCQ), and (ii) suppression of nonradiative deactivation of triplet exci-
tons [8]. Molecular oxygen, a powerful triplet quencher, has long been
regarded as a primary obstacle to RTP, motivating approaches that limit
O, exposure, such as crystallization [9], encapsulation/barrier layers
[10], and polymer-matrix embedding [11]. The oxygen sensitivity of
RTP materials stems from the fact that molecular oxygen, which exists in
a triplet ground state (322;), efficiently quenches the excited triplet states
of phosphorescent molecules via energy transfer, resulting in non-
radiative deactivation [7,8]. While this oxygen-induced quenching is
often considered detrimental in other applications, it forms the basis of
RTP-based oxygen sensing, where suppressed phosphorescence intensity
or lifetime is directly correlated to oxygen concentration [12-14].
Organic RTP materials are particularly appealing due to their low cost,
synthetic tunability, environmental friendliness, and compatibility with
flexible substrates. They have been explored for applications such as
chemical and biological sensing, time-gated bioimaging, anti-
counterfeiting, optical data storage, quantum computing, photody-
namic therapy, and smart packaging technologies [6,9]. However, un-
like organometallic RTP systems that leverage heavy transition metals
(e.g., Pd, Pt, Ru) to enhance ISC, purely organic RTP materials suitable
for oxygen sensing remain limited [15]. This is largely due to their
inherently low ISC efficiency, high nonradiative decay rates, and
restricted oxygen diffusion.

Among recent developments, some organoboron compounds have
shown promising RTP and oxygen-sensing performance. For example,
Zang et al. reported an organoboron-based iodinated polymeric dye
(BF2dbm(I)PLA) showing weak fluorescence and strong RTP, which
exhibited a high oxygen quenching constant (K¢, = 0.06 x 10~* ppm™1),
attributed to the iodine-induced heavy-atom effect [16]. Zhou et al.
introduced TBBU, a triphenylamine boronate ester with a
donor-rn—acceptor structure, achieving efficient RTP and visual oxygen
detection facilitated by its porous crystal packing [17]. However, sub-
sequent work by Wu et al. revealed that the observed RTP in TBBU was
due to trace impurities of DTBU, and the RTP behavior was attributed to
a Dexter energy transfer process between host (TBBU) and dopant spe-
cies (DTBU) [18]. Hamzehpoor et al. synthesized organoboron-based
RTP covalent organic frameworks (COFs) through condensation of p-
phenylene diboronic acids (PBA) in the presence of a small amount of
dibrominated (BrPBA) derivative [19]. The resulting COF, with 13 %
BrPBA, exhibited efficient RTP and good oxygen sensing capability in a
wide concentration range from 762 Torr to 10~° Torr of partial oxygen
pressure, achieving up to ~70 % quenching efficiency. This performance
was attributed to enhanced ISC facilitated by the Br atoms and the
intrinsic porosity of the COF, which promotes oxygen diffusion.

Xanthene-based fluorophores including fluorescein, eosin, and
rhodamine dyes have long been known for their photostability and ease
of chemical modification [14,20,21]. While hexahydroxanthene itself is
non-fluorescent, many of its derivatives exhibit rich emission behavior
and demonstrate biological activity, enabling their use in sensors, drug
development, and optical devices [22]. Additionally, hexahydrox-
anthenes exhibit notable biological activities, including antibacterial,
anti-inflammatory, and anticancer properties, making them valuable in
drug development. Consequently, hexahydroxanthenes have diverse
applications in pharmaceuticals, materials science, and optical tech-
nologies. The classical method to extend emission wavelengths and
achieve fluorescence is to increase the n-conjugation of the original
xanthene dyes, the so-called n-extension strategy [17,18]. Although
xanthene dyes can exhibit stable RTP, their sensitivity toward oxygen
sensing is generally limited. To address this, Wang et al. developed
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selenoxanthene-based donor-acceptor RTP emitters through substitu-
tion of the central oxygen with selenium and the incorporation of
electron-withdrawing ketones. These molecules achieved high sensi-
tivity for oxygen detection, with the 3-substituted isomer offering an
impressive oxygen detection capability [19,20].

In this study, we report six halogenated derivatives based on a
hexahydro-1H-xanthene-derived fluorone core bearing two carbonyl
(C=0) groups in a tricyclic scaffold (Scheme 1). By systematically
introducing halogen substituents (F, Cl, Br, I, and 5F) on the peripheral
phenyl ring, we investigate how halogen identity and placement influ-
ence their structural, photophysical, electrochemical, and oxygen-
sensing properties. The incorporation of heavier halogens, specifically
Br and I, is expected to enhance ISC via the heavy atom effect, facili-
tating ambient RTP and improving oxygen sensitivity. These new
xanthene-based derivatives exhibit enhanced oxygen sensitivity. Their
facile synthesis, polymer compatibility, and efficient ambient RTP
response make them promising candidates for integration into
biomedical sensors, food packaging, wearable oxygen monitors, and
environmentally responsive devices.

2. Experimental

2.1. Synthesis of 9-(4-halophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione

General procedure: A mixture of aldehyde (1 eq) and dimedone (2
eq) was dissolved in 10 mL of DMF in a 50 mL round-bottom flask,
followed by the addition of a catalytic amount of conc. HCl (5 mol%)
under stirring. The reaction mixture was heated to reflux and main-
tained for 12 h, during which it gradually turned dark red. The progress
of the reaction was monitored by TLC, which confirmed that no starting
material was present. After the completion of the reaction, the mixture
was cooled to room temperature and poured into ice water a brown solid
was obtained. The solid was thoroughly washed with water, filtered and
dried for 5 days at room temperature. Further, column chromatography
was used to purify the compound using hexane and ethyl acetate (7:3, v/
V).

2.1.1. Synthesis of 3,3,6,6-tetramethyl-9-phenyl-3,4,5,6,7,9-hexahydro-
1H-xanthene-1,8(2H)-dione (XAN-Ph)

White solid with a yield of 87 %. 1H NMR (CDCl3, 300 MHz) (ppm): §
7.28 (d, J = 9 Hz, 2H), 7.21 (t, J = 6 Hz, 2H), 7.09 (t, J = 9 Hz, 1H), 4.75
(s, 1H), 2.47 (s, 1H), 2.19 (q, J = 15 Hz, 4H), 1.10 (s, 1H) and 0.99 (s,
1H) ppm. *C{'H} NMR (CDCls, 75 MHz): 5 196.42, 162.29, 144.10,
128.39, 128.05, 126.37, 115.67, 50.75, 40.88, 32.20, 31.84, 29.28 and
27.33 ppm. HR-MS (m/z) [CsaHssNOg] : Caled. 350.4507 found
351.1963 [M + H]™.

2.1.2. Synthesis of 9-(4-fluorophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione (XAN-F)

Beige-white solid with 82 % yield. TH NMR (500 MHz, CDCl3) (ppm):
§7.25-7.23(m, 2H), 6.92-6.87 (m, 2H), 4.73 (s, 1H), 2.46 (t, J = 20 Hz,
4H), 2.2(q, J = 15 Hz, 4H), 1.10(s, 6H) and 0.99(s, 6H). >*C{'H} NMR
(CDCls, 75 MHz): § 196.48, 162.99, 162.37, 159.76, 139.94, 129.90,
129.79, 115.5, 114.99, 114.71, 50.71, 40.84, 32.22, 31.21, 29.28, and
27.29 ppm. HR-MS (m/z) [Ca3HsNOs] *: Caled. 368.4412 found
369.1845 [M + H]*.

2.1.3. Synthesis of 9-(4-chlorophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione (XAN-CL)

Beige-white solid with 80 % yield. 'H NMR (300 MHz, CDCls) (ppm):
57.2(q, J = 10 Hz, 2H), 4.71 (s, 1H), 2.46 (t, J = 20 Hz, 4H), 2.2 (q, J =
15 Hz, 4H), 1.10(s, 6H) and 0.99(s, 6H). 13C{'H} NMR (CDCls, 75 MHz):
5 196.39, 162.46, 142.72, 132.03, 129.79, 128.23, 115.26, 50.76,
40.84, 32.22, 31.47, 29.29 and 27.29 ppm. HR-MS (m/2) [C23HasNOs]
*: Caled. 384.8958 found 385.1546 [M + H]™.
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Scheme 1. Synthetic route of halophenylhexahydroxanthene derivatives.

2.1.4. Synthesis of 9-(4-bromophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione (XAN-Br)

White solid with a yield of 85 %. *H NMR (CDCls, 300 MHz) (ppm): &
7.33(d, J =15Hz, 2H), 7.17 (d, J = 9 Hz, 2H), 4.69(s, 1H), 2.53-2.40(m,
4H), 2.27-2.13 (m, 4H), 1.10(s, 6H) and 0.99 (s, 6H). °C{'H} NMR
(CDCl3, 75 MHz): 6 196.38, 162.49, 143.24, 131.01, 130.19, 120.24,
115.18, 50.69, 40.84, 32.21, 31.56, 29.28 and 27.30 ppm. HR-MS (m/z)
[Cy3HsNOs] *: Caled. 429.3468 found 430.1082 [M + H1*.

2.1.5. Synthesis of 9-(4-iodophenyl)-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione (XAN-I)

Beige-white solid with 79 % yield. 1H NMR (500 MHz, CDCl3) (ppm):
67.24(d, J =10 Hz, 2H), 7.04 (d, J = 5 Hz, 2H), 4.68 (s, 1H), 2.45(t, J =
15 Hz, 4H), 2.2 (q, J = 15 Hz, 4H), 1.10(s, 6H) and 0.99(s, 6H) *C{'H}
NMR (CDCl3, 75 MHz): § 196.39, 162.48, 143.94, 137.12, 130.52,
115.15,91.98, 50.69, 40.84, 32.22, 31.69, 29.29 and 27.33 ppm. HR-MS
(m/2) [Co3HasNOs] *: Caled. 476.0848 found 477.0892 [M + H]™.

2.1.6. Synthesis of 3,3,6,6-tetramethyl-9-(perfluorophenyl)-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-dione (XAN-5F)

Brown solid with a yield of 55 %. 1H NMR (CDCl3, 300 MHz) (ppm): 6
4.83-4.67(m, 1H), 3.3 (s, 1H) 2.81 (s, 1H) 2.41 (S, 2H), 2.28 (s, 1H),
1.06 (s, 12H). 13C{'H} NMR (CDCl3, 75 MHz): 5 198.33, 164.34, 108,
107.96, 106.09, 106.06, 50.49, 41.03, 32.16, 31.59 and 28.32 ppm. The
final product (XAN 5F) was obtained as a HR-MS (m/z) [Ca3H21F503] T
Calcd. 440.4031 found 441.1499 [M + H] ™.

3. Results and discussion
3.1. Molecular design and synthesis

Different synthetic methodologies with specialized catalysts such as
Fe-zeolite or Cu(II) complexes were used to develop hexyhydroxanthene
derivatives. Compared to the previously reported methods (Table S5),
the current approach using 5 mol% HCI in DMF at 160 °C for 12 h offers
several advantages in terms of simplicity, accessibility, and cost-
effectiveness. This straightforward setup eliminates the need for
specialized equipment like ultrasound systems or electrolysis setups,
making it easier to implement in standard laboratory conditions. Addi-
tionally, the use of HCI ensures consistent catalytic performance without
concerns related to catalyst deactivation or handling issues often asso-
ciated with multi-component or metal-based systems. Acid-catalyzed
one-pot condensation reaction was carried out between dimedone, and
the respective aldehyde to obtain XAN-Ph, XAN-F, XAN-Cl, XAN-Br,
XAN-I and XAN-5F in good yields (55-87 %) (Scheme 1). The 'H and '3C
NMR and HRMS spectra are provided in Figs. S8-S25. For all the de-
rivatives, two singlets observed between 6 0.9 to 1.2 ppm in their 'H
NMR spectra correspond to the four methyl groups attached to the

hexahydroxanthene tricyclic core, a tertiary proton appeared as a singlet
between 5 4.6-4.9 ppm and the aromatic protons appeared between &§
7.1 to 7.5 ppm. The HRMS spectra show the characteristic [M + H]™"
molecular ion peaks, confirming the identity of the desired products.

3.2. Time-dependent density functional theory (TD-DFT) studies

To reveal the relationship between orbital distributions and opti-
mized geometries, the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) (Fig. 1) were calcu-
lated using DFT (Gaussian 09 W- DFT/6-311 + G (d, p)) [23]. In Fig. 1,
the LUMO is located on the xanthene core, indicating its role as the
electron-accepting unit. Among the compounds, XAN-Ph exhibits the
highest LUMO energy (—1.98 eV), which decreases with halogen sub-
stitution, reaching —2.41 eV for XAN-5F. In addition, the HOMO energy
levels representative of the donor units are —6.51, —6.61, —6.65, —6.52,
—6.26 and — 7.04 eV for XAN-Ph, XAN-F, XAN-Cl, XAN-Br, XAN-I and
XAN-5F, respectively (Table 1). In all cases except XAN-5F, the HOMO is
distributed mainly over the phenyl ring. In XAN-5F, both HOMO and
LUMO are delocalized across the xanthene core. This behavior is
attributed to the strong electron-withdrawing inductive effects of the
five fluorine atoms, which reduces charge transfer (CT) character and
increases the delocalization of orbitals [24]. In XAN-5F, the inductive
electron-withdrawing effect of the fluorine atoms reduces the internal
electron push-pull (CT character) so that the x electrons can be distrib-
uted more evenly over the xanthene core. The fluorine atoms lower the
electron density evenly and reduce the donor-acceptor polarity. This
suppresses the CT character and both HOMO and LUMO are distributed
more evenly across the molecule (delocalized) [23,24]. Besides the
significant charge transfer behavior, which indicates a spatial separation
of the charge distributions in XAN-Ph, F, Cl, Br, I, and 5F, this can lead to
a weak exchange interaction between the electrons involved, resulting
in minimal energy splitting between singlet (S;) and triplet (T;) states
[25]. It is important to emphasize that the presence of halogens on the
phenyl ring leads to a significant reduction in HOMO and LUMO values,
especially in the presence of pentafluorobenzene. This is because the
halogens also exhibit a resonance effect that can either donate or
withdraw electron density easily when the withdrawal makes the mo-
lecular orbitals more stable and shifts their energy levels downward
[26]. Among all the derivatives, the non-halogenated XAN-Ph showed
the largest difference between the HOMO and LUMO energy levels (Eg),
which can be attributed to the phenyl group that neither withdraws nor
donates electron density compared to the halogen-substituted de-
rivatives [27]. Moreover, among the halogenated derivatives, XAN-I
exhibits the lowest E; (4.16 V), indicating stronger stabilization of
the LUMO, while XAN-5F shows the highest Eg (4.63 eV), indicating
strong electron-withdrawing effects that lower the HOMO more than the
LUMO, and XAN-Br has a slightly lower E; than XAN-CI, implying that
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Fig. 1. DFT calculated HOMO-LUMO energy, energy gap profiles and special distributions.
Table 1
The extracted values from DFT and electrochemical properties.
Compound a) |EF|, ev b) gDEL s eV 9 BN, eV d) ESP* (film), eV & EHOMO ey D EAcy, eV 8 glim ey W gfim ey
XAN-Ph 6.49 —6.51 —-1.98 3.33 —5.91 2.58 3.06 291
XAN-F 6.29 —6.61 —-2.11 3.67 —5.87 2.20 3.32 3.01
XAN-Cl1 6.40 —6.65 -2.16 3.38 -5.90 2.52 3.25 3.13
XAN-Br 6.50 —6.52 —-2.13 3.70 —6.20 2.50 3.30 2.93
XAN-I 6.28 —6.26 -2.10 3.11 —6.16 3.05 3.27 3.05
XAN-5F 6.63 —7.04 —2.41 3.17 —5.92 2.75 3.20 2.74

a) Extracted values from the onset of IP plot.
b) HOMO from DFT.
¢) LUMO from DFT.

d) Calculated by the formula (Egl’t:

edge

0) from the edges of absorption spectrum of spin-coated derivatives on the films.

e) Calculated HOMO from CV curve by the formula [-(E onset of oxidation +4.8)] [28].

) EA®Y from CV curve of dissolved compounds in DCM by the formula -(EEMC-ESPY) [29].

g) The calculated singlet energy from onset PL spectra of spin-coated compounds on the films at 77K.
h) The calculated singlet energy from onset PH spectra of spin-coated compounds on the films at 77K.

the Eg decreases with increasing atomic size of the halogen substituents
(I < Br < CD). In addition, the absorption (ABS) spectra calculated from
DFT are presented in Fig. S1.

3.3. Single crystal and powder X-ray diffraction

High-quality single crystals of the XAN derivatives were obtained by
dissolving the compounds in a dichloromethane (DCM): methanol (1:4,
v/v) mixture and allowed for slow evaporation at ambient temperature.
Among them, XAN-F and XAN-Cl exhibited similar interactions to the
reported structures [30]. X-ray crystallographic data and refinement
parameters are summarized in Table S1. Fig. 2 represents the ORTEP
diagrams (50 % of the thermal ellipsoids) of XAN-Ph, XAN-Br, XAN-I and
XAN-5F and their overlay structures. Single-crystal XRD (SXRD) analysis
revealed that the molecular stability arises from a complex network of
intra- and intermolecular interactions, influenced by torsional effects
between the xanthene tricyclic ring and the halophenyl group. XAN-Ph,
XAN-Br and XAN-5F exhibited a monoclinic crystal system with space
group of P2;. In the crystal lattice of XAN-Ph, multiple C---H contacts
(2.883, 2.924, 2.953, and 2.821 A) indicate significant C-H:--1 in-
teractions, contributing to the stabilization of the crystal packing. The

C---O interaction (3.185 A) suggests moderate carbonyl-based stabili-
zation, while the C---C contact (3.362 10\) reflects weak n-n stacking,
providing limited structural reinforcement. The O---H contact involving
the xanthene tricyclic ring (2.554 10\) indicates a relatively strong
hydrogen bond, enhancing overall lattice stability. The dihedral angle of
81.35° between the xanthene tricyclic ring and the phenyl unit. The
crystal structure of XAN-Br reveals that its crystalline stability is influ-
enced by a combination of intermolecular interactions and molecular
conformation. The O---C contacts (3.267 and 3.229 A) suggest moder-
ately strong carbonyl interactions, contributing to lattice stability. The
C---C interactions (3.569 and 2.762 A) suggest varying degrees of m-1
stacking, with the shorter contact expected to enhance stability more
effectively. The dihedral angle of 84.87° between the xanthene tricyclic
ring and the bromophenyl unit indicates a slightly compressed confor-
mation, which may influence molecular packing and -electronic
communication. For XAN-5F, its structural stability is realized through a
combination of strong intermolecular and intramolecular interactions.
Intermolecular interactions include F---H (2.448 and 2.482 f\), O--H
(2.625, 2.556, and 2.684 A), O---C (3.228 and 3.205 A), C---C (3.318 A),
C---H (2.776 A), C---F (3.080 and 3.047 A), and H---H (2.120 A), which
collectively contribute to molecular packing and stability.
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Fig. 2. Single crystal X-ray structures of different XAN derivatives with 50 % of the thermal ellipsoids.

Intramolecular interactions involving O---C (3.171, 3.195, 2.985, and
2.974 10\) and C---F (3.080 and 3.047 10\) further reinforce the internal
structure. The dihedral angle of 88.39° between the xanthene tricyclic
ring and the pentafluorophenyl ring suggests a nearly perpendicular
orientation, minimizing steric hindrance and enhancing overall stabil-
ity. These interactions, particularly those involving fluorine and oxygen,
play a significant role in maintaining the robust crystalline framework of
XAN-5F. XAN-I is arranged in an orthorhombic space group with a
P2,2;2; spatial arrangement and its crystalline stability is influenced by
a combination of intermolecular interactions and molecular geometry.
The O---H interaction (2.452 A) indicates a relatively strong hydrogen
bond, playing a crucial role in reinforcing the lattice structure. Addi-
tionally, the H---H contacts (2.892 and 2.385 1°\) are notably short,
suggesting possible steric crowding or van der Waals interactions that
may either stabilize or constrain molecular flexibility. The dihedral
angle of 86.18° between the xanthene tricyclic ring and the iodophenyl
unit further influences the packing arrangement. XAN- 5F demonstrates
the strongest stability, featuring a diverse network of interactions such
as F---H, O---H, C---C, and C---F contacts, with halogen bonding playing a
key role in reinforcing the crystal structure. XAN-Br shows moderate
stability, stabilized by O---C, Br---H, and Br---C interactions; however, the
relatively longer Br-based contacts suggest weaker stabilization
compared to XAN-5F. XAN-Ph appears to be the least stable, relying
predominantly on weak C.--H interactions and lacking significant strong
directional bonding, making its structural stability more dependent on
efficient packing. XAN-I exhibits a combination of moderate and weak
interactions, featuring strong O---H bonding that enhances stability,
though the presence of unusually short H---H contacts suggests potential
steric strain. Overall, the strong interactions in XAN-I and XAN-Br
minimize molecular vibrations, suppressing nonradiative decay and
thus extending RTP lifetime. XAN-I (86.18°) and XAN-Br (84.87°)
exhibit nearly perpendicular dihedral angles between the xanthene tri-
cyclic ring and their respective halophenyl units. This rigid conforma-
tion restricts non-radiative relaxation, favoring efficient triplet
emission. XAN-5F (88.39°) is even more rigid, but its RTP is weaker due
to the lower SOC effect of fluorine. The packing and interaction modes of
the crystal system are shown in the SI.

Powder XRD analysis was performed to investigate the phase char-

acteristics and crystallite size of the derivatives, with the resulting
spectra presented in Fig. 3a. The halogen substitution significantly af-
fects the crystallinity and molecular packing. The sharp and intense
peaks observed for XAN-Ph, XAN-Br, XAN-Cl and XAN-5F indicate their
highly crystalline structures, while the broader and less intense peaks for
XAN-I and especially for XAN-F indicate lower crystallinity or a more
amorphous nature. Fluorine reduces XAN-F crystallinity by disrupting
packing (steric bulk, weaker interactions) [31]. Based on the modified
Scherrer method, Ln p (B is full width at half maximum of the peak in
Radian) is calculated as Y-axis and Ln COSl @ (0 is the diffracted angle of

the peak in Degree) as X-axis, and the linear fit is depicted in Fig. 3b.
According to Eq. (1) [32], whose intercept can be obtained from linear
fitting, K is the shape factor, which is usually assumed to be 0.89 for
compounds, A is the wavelength of radiation in nanometers (A=
0.15405 nm for Cu Ka) and L is the crystallite size. The calculated
crystallite sizes for XAN-Ph, F, Cl, Br, I and 5F are 58.10, 27.44, 58.10,
76.11, 81.63 and 3.86 nm, respectively. The notably smaller crystallite
sizes for XAN-F and 5F indicate that the fluorine and the multiple
fluorine atoms present a significant steric hindrance that disrupts the n-n
stacking interactions and reduces crystallite growth [33].

K
L

intercept) __

€9)

el

3.4. Study of FTIR and SEM

The Fourier transform infrared spectroscopy (FTIR) spectra of the
XAN derivatives shown in Fig. 4a exhibit the characteristic vibrational
bands corresponding to the functional groups of the XAN core structure
[34]. Overall, the spectra are consistent across derivatives, with no
major changes observed. However, a distinct band at ~855 cm™! ap-
pears sharper in XAN-I compared to the other ones, which is attributed
to the fact that iodine is the heaviest halogen, which has a lower fre-
quency and stronger vibrational mode compared to F, Cl and Br. In
addition, the C—I bond is weaker and more polarizable, resulting in a
better defined absorption peak [35]. The C-X stretching vibrations
(halogen-carbon) typically occur in the range of 500-800 cm !, Heavier
halogens (I, Br, Cl) slightly shift the C=O0 stretching vibration to lower
wavenumbers, indicating increased conjugation or interaction with the
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Fig. 3. a) powder X-ray diffraction and b) the linear plot of the Modified Scherrer Equation for the XAN derivatives.
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Fig. 4. a) FTIR spectrum and b) SEM images of the XAN derivatives.

molecular framework. In contrast, fluorinated derivatives (XAN-F and
5F) show C=0O shifts due to strong inductive effects and steric hindrance
[36]. A strong absorption band between ~1550-1750 cm~! is observed
for all derivatives, confirming the presence of carbonyl functional
groups (C=0). The slight shifts of this peak between the different de-
rivatives indicate variations in electron density and molecular in-
teractions caused by halogen substitution [37]. Furthermore, the
stretching bands from ~1000 to 1400 cm™! correspond to the ether
group (C-O-C), which is an essential feature of the XAN core structure.
The region from 2700 to 3200 cm ™~ contains absorption bands associ-
ated with both aromatic (spz) and aliphatic (sp3) C—H bonds, con-
firming the presence of different structural components in the
synthesized XAN derivatives [38]. Scanning electron microscopy (SEM)
was used to examine the morphology of the XAN-Ph, —F, —Cl, —Br, —I
and —5F (Fig. 4b). XAN-Ph and Br exhibit well-defined, leaf-shaped and
elongated rod-shaped crystals, respectively, consistent with their high
crystallinity observed in XRD patterns. In contrast, XAN-F and 5F show
densely packed brick-like and granular structures, respectively.

Morphological changes confirm that halogen substitution affects pack-
ing and crystallization.

3.5. Ionization potential and electrochemical properties

Ionization potential (IP) measurements and cyclic voltammetry (CV)
analysis were conducted in the solid films and in DCM (1072 M,
respectively, to obtain the HOMO energy levels of the XAN derivatives.
The resulting IP plot and CV curves are shown in Fig. 5a and b,
respectively, with corresponding data summarized in Table 1. According
to the IP measurements, the highest ionization energy (6.63 eV) was
observed for XAN-5F, reflecting the strong electron-withdrawing nature
of fluorine and enhanced oxidative stability. Conversely, XAN-I exhibi-
ted the lowest IP (6.28 eV), indicating that it is the easiest to ionize. This
lower IP value can be attributed to high polarizability of iodine, which
reduces orbital localization, raises the HOMO energy level, and conse-
quently improves the hole injection properties [39]. The HOMO (EEoMO)
and electron affinity (EAcy) values of the compounds were derived from
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Fig. 5. a) Extracted IP plot of spin-coated XAN derivatives on the FTO and b) CV voltammograms of dissolved compounds in DCM.

the onset potentials of oxidation and reduction, respectively. The CV
curves (Fig. 5b) show irreversible oxidation peaks for all derivatives,
suggesting fast electron transfer processes. XAN-Br exhibited the lowest
HOMO energy, reflecting its weakest electron donor capability.
Furthermore, broad waves of reduction were observed during the
negative potential trend, likely due to a combination of multiple
reduction steps, structural reorganization upon electron uptake, and
irreversible behavior in halogenated derivatives. Specifically, XAN-Ph
exhibited a broad reduction peak due to delocalization effects in the
reduced state. XAN-Br showed slow electron transfer kinetics likely due
to weak orbital interactions or halide elimination effects and XAN-F and
S5F exhibited strong solvation effects that contributed to broader
reduction peaks. In addition, XAN-Cl and I showed irreversible reduc-
tion behavior possibly due to dissociation of Cl~ and I~ [40,41]. XAN-I
also had the highest EAcy, making it the most readily reduced. This
behavior can be attributed to the weaker C—I bond, which facilitates
partial dissociation or transition state stabilization during reduction,
thereby increasing the EAcy [42].

3.6. Photophysical properties

3.6.1. UV-vis study and optical spectroscopy

The UV-vis spectra of the XAN derivatives, in toluene and chloro-
form and spin-coated films, are shown in Fig. 6. Key photophysical pa-
rameters are summarized in Table 2. In toluene, the absorption spectra
of all compounds are similar, with maximum =z-n* absorption bands
between 287 and 296 nm. In the solid state, absorption bands are
generally blue-shifted due to the absence of solvent stabilization and the
rigid molecular environment, which limits conformational relaxation
and n— stacking, thereby increasing the energy gap [43]. In films, XAN-
Br shows the largest optical band gap (Egpt:3.70 eV). This is attributed
to weak orbital interactions, limited conjugation and molecular packing
effects that reduce the efficiency of absorption of low energy photons
[44]. All compounds exhibit blue photoluminescence in solution and in
the solid state, except XAN-5F, which shifts toward green, with PL
maxima ranging from 407 to 521 nm. Due to the multiple fluorine
substitutions, XAN-5F both the HOMO and LUMO of XAN-5F are mainly
distributed in the xanthene core, as shown in Fig. 1, which enhances the
intramolecular charge transfer (ICT) and a red-shift in the PL emission
from blue to green [45,46]. Photoluminescence (PL) spectra of the
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Fig. 6. Absorption and emission spectra of the dispersed compounds in a) toluene, b) chloroform and c) spin-coated on the films (99 wt% XAN derivative:1 wt

% Zeonex).
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Table 2
Photophysical parameters of XAN derivatives.

Materials Science & Engineering B 324 (2026) 118997

attributed to restricted intramolecular motions in the solid state, which
reduces non-radiative decay pathways and facilitates aggregation-

Compound  ABS™, PL™ nm <, ns 72 PLOY, induced emission (AIE) [50].
nm %
(Toluene/Chloroform/Film) in air 3.6.2. PH and RTP mechanisms
PL decay curves for the XAN derivatives were recorded in toluene
XAN-Ph 291/ (408, 432)/  (2.80)/(3.44)/  1.16/ 2, >1, . L ) L.
206/262  (432)/(476) (r —0.32and  1.07/ 6 and chloroform solutions, as well as in spin-coated films containing 1 wt
5 = 7.20) 112 % Zeonex under ambient and vacuum conditions shown (Fig. 7). Zeonex
XAN-F 290/ (406, 432)/  (2.87)/(3.66)/  1.01/ 7,1,15 was chosen as a binder to improve film quality because it is photo-
277/239  (433)/(432) (433 x 10 1.00/ physically inert, enabling measurement of the emitters’ intrinsic PL/RTP
XAN-CI oy (405,432  (2.94)/(3.18)/ ijg/ 51,18 I')ehavio.r with minimal influence from‘ host polarit}f, pe‘icking, ?r specifiic
293/239 (433)/(407, (450 x 10%) 1.06/ interactions [51-53]. The corresponding constant lifetime (7) is listed in
435) 1.20 Table 2. In solution, t values were in the nanosecond (ns) range.
XAN-Br 290/ (406, 433)/  (3.24)/(3.29)/  1.04/ 9,3,23 Notably, compounds exhibited longer lifetimes in chloroform than in
283/223  (432)/(432) (404 x 10%) L2/ toluene, attributed to the stabilization of ICT states in the more polar
XAN 287/ (406, 433)/  (2.81)/(3.32)/ ﬁi ¥ 12,5, chloroform, which favors non-radiative decay, reduces PLQY, and ex-
275/270  (432)/(423) (448 x 10%) 1.16/ 25 tends emission lifetimes, as described in Egs. S1 and S2. In the solid state
1.11 (Fig. 7c), XAN-Ph exhibited lifetimes of Ty = 0.32 ns and t3 = 7.20 ns
XAN-5F 289/ (486, 525)/  (2.97)/(3.03)/ 1.18/ 5, >1, (Table 2), indicative of prompt fluorescence [54]. Two lifetimes in solid
262/268  (522)/(521) (390 x 10%) 1'1;/ 16 films are caused by molecular interactions, aggregates, energy transfer

compounds in toluene and chloroform show little solvatochromism, but
mild vibronic structures are observed in toluene. This is due to the
nonpolar nature of toluene, which preserves molecular vibrational
modes and leads to resolved vibronic features, whereas the polar chlo-
roform induces more electronic relaxation and less structured emission
[47,48]. Photoluminescence quantum yields (PLQYs) were measured for
all derivatives in solution and film, and the values are listed in Table 2.
Higher PLQYs were observed in toluene than in chloroform, likely due to
reduced CT interactions in nonpolar solvents [49]. Notably, the PLQYs
increased significantly in spin-coated films. This enhancement is

or trap states. In solution, such effects are not present, so the decay is
single exponential. As illustrated in the Jablonski diagram Fig. S3,
charge transfer singlet (1CT) emission occurs throughout the entire
decay process. Compared to delayed fluorescence and phosphorescence
mechanisms, the reduced decay time in the ns region at room temper-
ature is due to thermally induced surface defects, which may trigger
deep trap emission or some non-radiative processes [55]. In stark
contrast, thin films of the halogenated derivatives exhibited lifetimes
~10° times longer, falling into the millisecond (ms) range (Fig. 7d and
Table 2), suggesting significant triplet-state involvement. Possible
emissive mechanisms include phosphorescence (PH), room temperature
phosphorescence (RTP), thermally activated delayed fluorescence
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Fig. 7. Time-resolved PL decay curve of the XAN derivatives in a) toluene, b) chloroform, and spin-coated film (mixed 1 wt% Zeonex) in air ¢) XAN-Ph in air, d) XAN-
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(TADF) and triplet-triplet annihilation (TTA). To resolve these possi-
bilities, PL and PH spectra at low-temperature (77 K) (Fig. 8) and the
power dependence (Fig. S4) were measured. The energy difference be-
tween the first excited singlet state (S;) and the first excited triplet state
(T1), AEgt, was calculated from the onset spectra of PL and PH at 77 K.
The large AEgr excluded the TADF mechanism. In Fig. S4, the slopes of
the log-log plot of integrated emission intensity vs. excitation power are
smaller than 2, which rules out TTA [53,54]. XAN-Ph is drastically
different from others, showing only FL due to its poor spin-orbit
coupling. To distinguish between RTP and phosphorescence, PL
spectra were recorded under both air and vacuum (5 x 1077 bar)
(Fig. S5). XAN-Ph, exhibiting only ns-range 7, and XAN-5F, with negli-
pie
By

Conversely, XAN-Br and XAN-I showed dramatic increases in emission
intensity under vacuum, with Ig'IQL‘m

tively. This enhancement indicates oxygen-sensitive triplet-state emis-
sion characteristic of RTP, as oxygen quenching is suppressed in
vacuum. Heavy atom effects from Br and I promote strong SOC, as re-
ported &g values in Table S2 were in the range of 8.77 x 107 and 4.88 x
107 eVs~! for Br and I, respectively. This increases the ISC, leading to a
higher population of triplet states and thereby facilitating more efficient
RTP [57]. Fig. S6 shows the normalized intensity of the PL spectra of the
XAN-F, —Cl, —Br and —I films at room temperature, in an oxygen-free
environment and the PH spectrum at 77 K. It is clear that the sub-
stitutions of XAN-Br and I stabilize the triplet states, the PL spectrum at
RT and the PL spectrum in vacuum overlap for XAN-Ph, —F, —Cl and
—5F. However, for XAN-Br and I, a second band appears in the PL
spectra at RT under vacuum, which coincides with the area under the
latter PH spectrum. Fig. S6 shows that for XAN-Br and XAN-I, the PL
spectra at RT in air (black spectra) are dominated by prompt fluores-
cence from the excited singlet state (S;), with little to no contribution
from triplet states due to rapid non-radiative deactivation and oxygen

gible change in ! [56], are not considered RTP candidates.

values of 14.67 and 15.33, respec-
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quenching. Under vacuum conditions, the emission intensity increases
significantly, and a red-shifted broad emission band appears, indicating
the contribution of triplet states. This enhancement results from the
removal of molecular oxygen, which otherwise acts as an efficient
quencher of triplet states by collisional deactivation. It is noteworthy
that ISC plays a crucial role in the efficient formation of the excited
triplet state, a process that is significantly enhanced by SOC. XAN-Br and
XAN-I exhibited high intersystem crossing quantum yield (®jsc) values
of 93.02 and 93.51 %, respectively, outperforming other derivatives.
These findings confirm that XAN-Br and XAN-I undergo efficient RTP,
while XAN-Ph is fluorescent and XAN-F, —Cl, and —5F exhibit primarily
PH [12,58,59]. Other studies have also demonstrated RTP behavior in
halogenated XAN derivatives [60-62]. Based on these observations,
both XAN-Br and XAN-I are considered as potential ratiometric probes
for oxygen sensing.

3.7. Oxygen sensing properties

To investigate the oxygen sensitivity of halogenated XAN de-
rivatives, PL spectra (Ex = 290 nm and Em = 430 nm) of spin-coated
films (200 pm thick) consisting of 1 wt% Zeonex were recorded at
different oxygen concentrations. The corresponding PL spectra, CIE
(Commission Internationale de I’Eclairage) coordinates, and visual
imagea of the films in the chamber (evacuated and under O5) are shown
in Fig. 9. As oxygen concentration increased, PL intensity decreased
significantly for XAN-F, —Br, —I, and —5F. For these haloganated XAN
derivatives, upon excitation from the ground state (Sp) to a higher-
energy singlet excited state (e.g., Sp), the molecules rapidly undergo
IC to the first excited singlet state (S;), followed by ISC to the triplet state
T, (Fig. S3). This T; state is efficiently quenched by the surrounding
oxygen molecule, leading to suppresssion of PH [63]. Notably, the
phenyl and chlorophenyl substituents increase structural rigidity, which
minimize the non-radiative pathways induced by oxygen by reducing
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Fig. 8. PL and PH spectra of 99 wt% XAN derivative:1 wt% Zeonex films measured at 77 K.
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the &g and moderting SOC (Table S2). To quantify fluorescence
quenching, including the effects of oxygen, and assess the oxygen
sensitivity of the XAN derivatives, Stern-Volmer analysis was performed
using Egs. (2) and (3):

Ao Io IO

KNT:T:1+KSV[Q] @
AO I()
B0 B (14K Q)1 +Ks [0 ®

where I is the PL intensity in an oxygen-free state, I is the PL intensity in
an oxygen atmosphere, Kgy is the Stern-Volmer constant, and [Q] is the
oxygen concentration (from 0 to 10 ppm in this study), and Kgy, and

Kgy, correspond to dynamic and static Stern-Volmer quenching con-
stants [64]. The PL integral area ratio (%) is considered proportional to
the PL intensity ratio (IT"), when A and A represent the PL spectrum area
in an oxygen-free and in an oxygen atmosphere respectively. The
nonlinearity observed in some Stern-Volmer plots is attributed to het-
erogeneities in the binding sites in the Zeonex matrix, leading to dif-
ferences in the local oxygen quenching constants [65]. The observed
variations in Kgy indicate differences in the interaction with molecular
oxygen, which can be influenced by electronic effects, steric hindrance
and the molecular environment [66]. Due to the linear fit of IT° versus
oxygen concentration plots for the XAN-Ph, F and Cl films (Fig. 9G), Eq.
(2) was used to calculate their Kgy values (slopes) to be 2.96 x 10’5,

10
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2.27 x 1075, and 6.70 x 107® ppm~?, respectively. Although the K,
values for XAN-F and XAN-Cl were relatively modest, both compounds
exhibited strong sensitivity to oxygen, with significant quenching
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observed even at 10,000 ppm, suggesting strong interactions between
molecular oxygen and the triplet excited state of these compounds.
Molecular oxygen (O3) is a well-known triplet quencher, which can
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effectively quench long-lived triplet states, even when K, values mod-
erate [67], as in the case of XAN-F and Cl. Interestingly, XAN-Ph showed
greater oxygen sensitivity than halogenated derivatives such as XAN-F,
XAN-Cl, and XAN-5F (Fig. 9B, C and F), suggesting that these halogen
substitution on the phenyl ring does not significantly enhance Kgy. The
high electronegativity of halogens (F > Cl > Br > I) results in the for-
mation of strong, rigid, and hydrophobic C—F and C—Cl bonds, which
reduce oxygen permeability and solubility. Although Cl is less electro-
negative than F, it similarly withdraws electron density, contributing to
the same effect [68]. For XAN-Br, XAN-I, and XAN-5F, non-linear
Stern-Volmer plots were observed (Fig. 9-G), and Eq. (3) was applied.
The Kgy, and Kgy, values are 6.08 x 107% and — 6.05 x 1077 ppm’1 for
XAN-Br, 1.11 x 10™* and — 5.93 x 10~/ ppm™! for XAN-I and 1.85 x
10> and — 5.33 x 1077 ppm! for XAN-5F ppm~!, respectively.
Notably, both XAN-Br and XAN-I exhibit RTP, as confirmed by video
evidence (see Supporting Information), and showed the highest Kgy
values. Their longer RTP lifetimes are likely to promote prolonged in-
teractions between triplet states and oxygen. Furthermore, the large
atomic radius and polarizability of iodine can enhance non-covalent
interactions, increasing oxygen accessibility [69]. XAN-Br also exhibits
high quenching, though lower than XAN-I, which may be due to its
slightly smaller atomic size and weaker electron donor capability. This
study solved several challenges in oxygen sensing with the newly
designed halogenated XAN derivatives, particularly XAN-Br and XAN-],
which exhibit RTP and excellent oxygen sensitivity. These materials are
well suited for biological, environmental and industrial applications and
also have potential for use in oxygen tunable delayed luminescence.
However, in this study, the relatively simple synthesis route and
significantly high sensitivity to oxygen, especially at low concentrations,
are the main advantages. Notably, the characteristic shift in emission
from blue/greenish to white with increasing oxygen concentration
provides a visually observable, on-site detection method that requires no
specialized equipment. The best-performing emitter, XAN-Br, shows an
approximately linear quenching response to Oy (Fig. 9G) with a large
Kgy, making it well suited for low-cost sensing in applications in the
range of 0-21 % O (0-210,000 ppm), including tumor hypoxia imaging
and blood-oxygen monitoring, environmental sensing, and food-safety
monitoring [2,70-73]. However, sensitivity declines above ~21 % O,
which is suboptimal for applications requiring higher ranges (e.g., high-
0O, food packaging and oxygen-enriched/oxy-fuel combustion) [74,75].
Tailoring the host/matrix to increase oxygen permeability may broaden
the dynamic range [76-78].

4. Conclusions

Six XAN derivatives with different substituents on the phenyl group,
XAN-Ph, XAN-F, XAN-Cl, XAN-Br, XAN-I and XAN-5F, were designed
and synthesized to tune their optical oxygen sensing capabilities. The
molecular design aimed to enhance spin-orbit coupling (SOC) and
promoting intersystem crossing (ISC) to facilitate room-temperature
phosphorescence (RTP). X-ray diffraction (XRD) confirmed high crys-
tallinity in most derivatives, except XAN-F, which showed a mixed
amorphous-crystalline nature with small crystallite sizes. Experimental
results were consistent with density functional theory (DFT) calcula-
tions, with XAN-I exhibiting the highest HOMO energy level as deter-
mined by ionization potential (IP) measurements. The optical band gaps
of the spin-coated films ranged from 3.11 to 3.70 eV, influenced by the
nature of halogen substituents. Notably, the high excited triplet state
(T1) energies of XAN-Br and XAN-I (> 2.93 eV) make them highly sen-
sitive to oxygen. Their emission color changed from blue/greenish to
white even at a low oxygen injection (e.g., 10000 ppm). Mechanistic
analysis revealed that XAN-Ph followed a fluorescence (FL) mechanism,
while XAN-F, XAN-Cl and XAN-5F showed phosphorescence (PH). In
contrast, room temperature phosphorescence (RTP) was the dominant
emission pathway for XAN-Br and XAN-I in an oxygen-free environment.
RTP emission was further confirmed by excitation power—dependent
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emission slopes below 2, ruling out triplet-triplet annihilation. The PL-
decay lifetime (1) changed dramatically from nanoseconds for XAN-Ph
to milliseconds for the halogenated derivatives, demonstrating that
halogen substitution promotes triplet-state emission and significantly
enhances oxygen sensitivity by facilitating ISC and T; — Sy transitions.
The highest vacuum-to-air photoluminescence intensity ratio was 15.33
for XAN-I, indicating significant quenching by molecular oxygen.
Furthermore, XAN-I exhibited the longest lifetime (t = 4.48 ms) and the
highest ISC quantum yield (®igc= 93.51 %), indicating a long-lived
triplet state that enhances oxygen diffusion and quenching in-
teractions and increases sensor sensitivity. Films of XAN-Br and XAN-I
embedded in 1 wt% Zeonex showed superior oxygen sensitivity, with
high Stern-Volmer constants (Kgy,) of 6.08 x 107> ppm ! for XAN-Br
and 1.11 x 10~ ppm™! for XAN-I, respectively. Their superior oxygen
response is attributed to long-lived RTP lifetimes, which facilitate effi-
cient oxygen diffusion and triplet-triplet energy transfer. This study
provides valuable insights into the design of purely organic RTP mate-
rials for oxygen sensing and demonstrates XAN-Br and XAN-I as prom-
ising metal-free, cost-effective, and highly sensitive candidates for
optical oxygen sensors in biomedical, environmental, and wearable
applications.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.mseb.2025.118997.
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