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A highly efficient purely organic room-
temperature phosphorescence film based on a
selenium-containing emitter for sensitive oxygen
detection†

Shuai Wang,ab Haiyang Shu,ab Xianchao Han,ab Xiaofu Wu, a Hui Tong *ab and
Lixiang Wang *ab

Developing purely organic room-temperature phosphorescence (RTP) materials with high phosphorescence

efficiency in film states is important for their applications but remains a great challenge. Herein, a donor–

acceptor type RTP molecule (SeX-CzPh) with 9H-selenoxanthen-9-one and 9-phenyl-9H-carbazole as the

acceptor and donor units, respectively, is designed and synthesized. SeX-CzPh shows a high phosphorescence

quantum yield of 44.3% in a doped polystyrene film at room temperature, which is 4-fold higher than that of

its analogue TX-CzPh with 9H-thioxanthene-9-one as the acceptor unit. The heavy selenium atom plays a

key role in achieving high phosphorescence quantum yields, owing to the effective ISC process through

strong spin–orbit coupling. Moreover, the SeX-CzPh-based oxygen film sensor exhibits a wide detection

range (0–2.1 � 105 ppm), a high KSV (1.27 � 10�4 ppm�1) and a low detection limit (4.9 ppm). This work

demonstrates that 9H-selenoxanthen-9-one is a promising building block for the rational design of highly

efficient purely organic RTP materials.

Introduction

Room-temperature phosphorescence (RTP) materials have attracted
great attention in recent years owing to their potential applications
in sensing,1,2 bioimaging,3–5 anti-counterfeiting,6–8 organic light-
emitting diodes9–11 and other optoelectronic devices.12–15 Typically,
highly efficient phosphorescence can be observed for inorganic or
organometallic complexes due to the presence of Ir, Pt, Os and other
heavy metals, which can promote spin–orbit coupling (SOC) and
therefore intersystem crossing (ISC) between singlet and triplet
states.16,17 Unfortunately, the expensive and toxic heavy metals also
severely limit their wide applications.16–18 Recently, the development
of purely organic, metal-free RTP molecules has been a hot topic of
current interest because of their low toxicity and cost, versatile
molecular design, facile functionalization, and good proces-
sability.18,19 However, due to the spin-forbidden transition of triplet
excitons, the long lifetime triplet excitons of purely organic mole-
cules with weak SOC are prone to nonradiative deactivation via

thermally vibrational and collisional processes or exposure to
quenchers such as oxygen.20,21 Therefore, most efficient RTP from
purely organic molecules is only observed in their crystal or cocrystal
states,22–24 which may fix the molecular conformation through
intermolecular interactions such as hydrogen bonding,25 halogen
bonding,26,27 etc., although the strict growth conditions and poor
processability of organic crystals may restrict the development of
RTP materials. In fact, the dispersion of light-emitting molecules in
an amorphous polymer matrix is one of the most common methods
for their real applications in optical device fabrication and proces-
sing; however, efficient RTP molecule-doped films are still rare, and
in particular, most purely organic molecules with efficient RTP
crystals are often poorly and even non-phosphorescent when dis-
persed in polymer films.28 The enhancement of SOC to promote the
ISC process is another way to improve the phosphorescence quan-
tum yield (FPh) of metal-free RTP molecules. Halogen (Br, I), S and P
atoms with external or internal heavy atom effects and organic
moieties with lone-pair electrons, including aromatic aldehydes,
ketones, sulfones, triazines, etc. and their combinations, have been
widely used for the development of organic RTP molecules with
good FPh.29–31 Anyway, most of these efficient metal-free RTP
molecules are still in crystal forms, which may limit their develop-
ment and application.

Recently, selenium, a chalcogen atom with an atomic num-
ber (34) very close to that of the Br atom (35), has also been used
to construct RTP molecules due to the heavy atom effect.32–39
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For example, 10H-phenoselenazine (PSeZ)-based RTP molecules
exhibit bright green phosphorescence (FPh up to 35%) when they
are doped in a molecular n-type host, bis[2-(diphenylphosphino)-
phenyl]ether oxide (DPEPO).37 Interestingly, donor–acceptor (D–A)
type molecules with the PSeZ donor unit can display both
thermally activated delayed fluorescence (TADF) and phosphores-
cence due to different conformers. Red phosphorescence emis-
sion is also observed for a perselenated benzene with a FPh of 21%
in the solid state. A carbazolyl derivative containing a selenophene
unit shows orange-red phosphorescence (FPh = 7.0%) in the
crystal state.38 In all these cases, the presence of Se can strengthen
SOC and ISC for phosphorescence due to the heavy atom effect.
Particularly, the embedded Se in the core structures of RTP
molecules is believed to be more helpful for SOC enhancement
than a simple substituent such as Br. Thus, the combination of
the aromatic ketone and the nonmetallic Se atom into a con-
jugated core structure is envisioned to construct highly efficient
RTP molecules.

In this contribution, we report a D–A type RTP molecule
(SeX-CzPh) with 9H-selenoxanthen-9-one (SeX) and 9-phenyl-
9H-carbazole as the acceptor and donor units, respectively
(Scheme 1). The presence of both the heavy Se atom and the
ketone group with lone-pair electrons in the SeX ring may
facilitate the ISC process through strong SOC to result in
efficient phosphorescence. At the same time, the formation of
a moderately twisted D–A structure can reduce the spatial
overlap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
and obtain a small energy gap (DEST) between the S1 and T1

excited states. Compared to TX-CzPh with 9H-thioxanthene-9-
one as the acceptor unit, SeX-CzPh exhibits a much higher RTP
quantum yield in a doped polystyrene (PS) film. Both experi-
mental and theoretical investigations reveal that the high-
efficiency RTP of the SeX-CzPh doped film is mainly ascribed
to the higher RTP radiative rate and ISC rate. The SeX-CzPh
doped film has also been used as a film-sensor for detection of
oxygen, which exhibits a highly sensitive and reversible oxygen
sensing performance.

Results and discussion

The synthesis routes for SeX-CzPh are shown in Scheme 1.28,40

First, the reaction of 3-bromobenzoic acid with diphenyl dis-
elenide was catalyzed by a ruthenium(II) catalyst, followed by
treatment with trifluoromethanesulfonic acid to give SeX–Br.
SeX-CzPh was obtained by the palladium-catalyzed Suzuki

coupling between SeX–Br and (9-phenyl-9H-carbazol-3-yl)boronic
acid in a yield of 61%. 2-(9-phenyl-9H-carbazol-3-yl)-9H-thioxan-
thene-9-one (TX-CzPh) was also prepared by a similar method
(Scheme 1). The structures of both compounds were proved by the
combination of 1H and 13C NMR spectroscopy and mass spectro-
metry (Fig. S1–S3, ESI†).

The photophysical properties of SeX-CzPh and TX-CzPh
were investigated (Fig. 1 and Table 1). In toluene solution, both
SeX-CzPh and TX-CzPh show similar absorption spectra with
strong absorption peaks at 308 nm and weak absorption bands
around 400 nm (Fig. S4a and S5a, ESI†). Although no clear
luminescence can be observed for their solutions, the SeX-CzPh
(1 wt%) doped polystyrene (PS) film exhibits bright green
emission with an emission peak at 500 nm and a shoulder
peak at 453 nm in a vacuum at room temperature (Fig. 1a).
When the film was exposed to air, the PL intensity significantly
decreased (Fig. 1b). The air-sensitive PL emission of the
SeX-CzPh doped film suggests that triplet excitons may be
involved in the luminescence process, and oxygen may act as
aquencher of triplet excitons. At a low temperature of 77 K,
the delayed emission spectrum with a delay time of 1 ms of the
SeX-CzPh doped film retains the emission peak at 500 nm,
while that at 453 nm disappears completely, suggesting that the
emission peaks at 500 nm and 453 nm could be ascribed to
the phosphorescence and fluorescence emissions, respectively
(Fig. 1c). Time-resolved photoluminescence experiments further
reveal that the different lifetimes in the long-wavelength and
short-wavelength regions at room temperature are 1.62 ms
(500 nm) and 1.08 ns (453 nm), respectively (Fig. 1d). Moreover,
the lifetime in milliseconds is temperature-dependent and
decreases with the increasing temperature (Fig. S4b, ESI†). These
results indicate that the SeX-CzPh doped film has a dual-emissive

Scheme 1 Synthetic routes for SeX-CzPh and TX-CzPh.

Fig. 1 (a) UV-vis spectrum (black) in air and steady-state PL spectrum
(red) of the SeX-CzPh doped film in vacuum at room temperature; (b)
steady-state PL spectra of the SeX-CzPh doped film in vacuum (black) and
in air (red) at room temperature; (c) steady-state PL spectrum (black) at
room temperature and delayed spectrum (red) at 77 K (delay time: 1 ms) of
the SeX-CzPh doped film; (d) time-resolved PL decay spectra measured at
500 nm and 453 nm (inset) of the SeX-CzPh doped film at room
temperature.
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property of strong RTP and weak fluorescence. On the other hand,
the TX-CzPh doped film emits blue light, and exhibits a dominant
peak at 441 nm with a lifetime of 1.35 ns and a shoulder peak at
487 nm with a lifetime of 10.38 ms, corresponding to the fluore-
scence and phosphorescence emissions, respectively (Fig. S5c and
d, ESI†). It is noted that the SeX-CzPh doped film has a high
photoluminescence quantum yield (FPL) of 48.1%, which is two
times higher than that of the TX-CzPh doped film (21.9%).
Particularly, the phosphorescence quantum yield (FPh) of the
SeX-CzPh doped film is up to 44.3%, which is four times higher
than that of the TX-CzPh doped film (FPh = 10.1%), indicating
that the introduction of the selenium atom enhances the RTP
emission dramatically. To the best of the authors’ knowledge, the
FPh of 44.3% is not only the highest value for selenium-containing
RTP materials, but also among the best results for purely organic
RTP-doped films (Table S1, ESI†).37,41–46

To better understand the exciton dynamic process, the
radiative rate constants of fluorescence (kF

r ) and phosphores-
cence (kp

r ), the intersystem crossing rate constant (kISC), and the
sum of the nonradiative constant of phosphorescence (kp

nr) and
the quenching rate of T1 (kq) of the SeX-CzPh and TX-CzPh
doped films were calculated according to eqn (S1)–(S8) (ESI†).
As shown in Table 1, when the sulfur atom is replaced by the
selenium atom, kISC is increased 1.5-fold, and kp

r is increased by
two orders of magnitude. The larger kISC and kp

r allow for more
efficient phosphorescence radiation and ISC process, leading to
a higher FPh for the SeX-CzPh doped film.

The photophysical properties of the SeX-CzPh crystal powder
were also investigated. Relative to the doped film, the crystal
powder of SeX-CzPh shows red-shifted emission peaks at
483 nm and 543 nm, respectively, and thus emits yellow light
at room temperature. At 77 K, the delayed emission spectrum
with a delay time of 0.5 ms of the SeX-CzPh crystal powder
retains the emission peak at 543 nm, while that at 483 nm
disappears completely (Fig. 2a). The lifetime of the SeX-CzPh
crystal powder also shortens to 0.79 ns and 15.74 ms, respec-
tively (Fig. 2b and Fig. S6, ESI†). The temperature-dependent
lifetime of the long-wavelength emission also decreases with
the increasing temperature, confirming that the SeX-CzPh
crystal powder shows RTP emission at 543 nm and fluorescence
emission at 483 nm (Fig. 2b). Unlike the common organic RTP
molecules in which crystallization enhances phosphorescence
emission, the FPh of the SeX-CzPh crystal powder is only 2.9%,
which is one-fifteenth of that of the doped film (44.3%). To
reveal the essence of low-efficiency RTP in the SeX-CzPh crystal
powder, the kISC, kp

r and kp
nr + kq of the SeX-CzPh crystal powder

were also calculated (Fig. 3d and Table S2, ESI†). Although kp
r

and kISC of the SeX-CzPh crystal powder are nearly 7-fold and
1.4-fold higher than those of the SeX-CzPh doped film, respec-
tively, the kp

nr + kq is 200-fold higher than that of the doped film.

As a result, SeX–CzxPh in the crystal powder state has a
dramatically increased non-radiative loss of triplet excitons,
leading to the reduced FPh.

To gain deep insights into the solid-state luminescence beha-
vior, a single crystal of SeX-CzPh was cultivated by a solvent
diffusion method at room temperature using toluene as a good
solvent and ether as a poor solvent (Fig. 3 and Table S5, ESI†).

Table 1 Summary of the photophysical properties of SeX-CzPh and TX-CzPh

Compound lPL [nm] FPL [%] FFL [%] FPh [%] tFL [ns] tPh [ms] kF
r [�107 s�1] kISC [�108 s�1] kp

r [�102 s�1] kp
nr + kq [�102 s�1]

SeX-CzPh 453, 500 48.1 3.8 44.3 1.08 1.62 3.5 8.9 2.8 3.3
TX-CzPh 441, 487 21.9 11.8 10.1 1.35 10.38 8.7 6.5 0.1 0.9

Fig. 2 (a) Steady-state PL spectrum (black) at room temperature and
delayed PL spectrum (red) at 77 K (delay time: 1 ms) of the SeX-CzPh
crystal powder; (b) temperature-dependent time-resolved PL decay spec-
tra of the SeX-CzPh crystal powder at 543 nm.

Fig. 3 (a) Molecular structure, (b) intermolecular p–p stacking and (c)
intermolecular hydrogen bond interaction in the SeX-CzPh single crystal;
(d) the comparison of photophysical constants between the doped film
and the crystal powder of SeX-CzPh.
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The SeX-CzPh monomer exhibits a twisted structure between the
SeX acceptor plane and the carbazole donor plane with a twist
angle of 38.021. Such a moderately twisted D–A configuration
reduces the spatial overlap between the HOMO and LUMO and
facilitates a small energy gap (DEST) between the S1 and T1 excited
states, which can promote the ISC process. In the SeX-CzPh
crystal, C–H� � �OQC hydrogen bonds are formed between the
carbonyl groups and the phenyl groups in adjacent molecules and
the hydrogen bond interaction distance is 2.556 Å (Fig. 3c). The
rigid and planar conjugated fragments, including SeX, carbazole
and benzene, induced compact p–p stacking with the interaction
distances of 3.560 Å, 3.734 Å and 3.565 Å (Fig. 3b), respectively.
Multiple and strong p–p interactions may intensify emission
quenching, and thus reduce the FPL of the SeX-CzPh crystal
powder.

In order to clarify the role of the heavy selenium atom, the
frontier orbital distribution, the excited state energy and the
SOC constants were calculated. Both SeX-CzPh and TX-CzPh
have similar geometric configurations with torsion angles of
36.801 and 36.101 between SeX or TX and the carbazole moiety,
respectively (Fig. S10, ESI†). The LUMOs of SeX-CzPh and
TX-CzPh are completely located on the SeX and TX fragments,
while the HOMOs are mainly distributed on the carbazole
fragments and extended to the SeX and TX parts, indicating
that the HOMO and LUMO are partially separated and facilitate
a small energy gap to promote the ISC process (Fig. S10, ESI†).
According to TD-DFT calculations, the two emitters exhibited
similar distribution patterns of excited states with five tri-
plet states (T) below their singlet states (S1). The energy gap
between S1 and T1 for SeX-CzPh is DEST = 0.69 eV and
TX-CzPh is DEST = 0.67 eV. Compared with TX-CzPh, SeX-CzPh
has slightly lower S1 and T1 energy levels (Fig. 4 and Tables S6,
S8, ESI†), which is consistent with the red-shifted emission of
SeX-CzPh. Although SeX-CzPh and TX-CzPh have similar geo-
metric configurations, electronic configurations and excited state
energies and energy gap between S1 and T1, their SOC constants
are remarkably different (Fig. 4 and Tables S7, S9, ESI†). Accord-
ing to the El-Sayed rule, when the electronic configuration of the
S1 state is 1(n, p*) and the electronic configuration of the T1 state
is 3(p, p*), or when that of the S1 state is 1(p, p*) and that of the T1

state is 3(n, p*), the ISC process will be effective. In the SeX-CzPh
and TX-CzPh monomers, the ISC process is from 1(n, p*) to
3(p, p*), which means that both SeX-CzPh and TX-CzPh can realize
ISC and radiate phosphorescence effectively (Fig. S11, ESI†).

For the ISC process of S1–Tn, the maximum SOC constant of
SeX-CzPh is 52.50 cm�1 (from S1 to T1), which is two times higher
than that of TX-CzPh (S1–T1: 26.19 cm�1). The much larger S1–T1

SOC constant of SeX-CzPh ensures a more efficient ISC process
from S1 to T1, and thus higher triplet exciton yield. For the
phosphorescence radiation process of S0–T1, the SOC constant
of SeX-CzPh is 4.09 cm�1, three times higher than that of TX-CzPh
(1.33 cm�1), which accelerates the radiative transition process
from T1 to S0. The larger SOC constants of the SeX-CzPh monomer
indicate that the replacement of the sulfur atom with the sele-
nium atom makes the ISC and phosphorescence radiation pro-
cesses more effective, which is also consistent with the higher
kp

r and RTP quantum yield of the SeX-CzPh doped film.
Since oxygen can quench the triplet excitons of phosphor-

escent emitters through energy transfer, RTP materials are
usually used for the detection of oxygen. Considering the
oxygen-sensitive RTP emission of SeX-CzPh and TX-CzPh, opti-
cal film sensors for oxygen were made by doping SeX-CzPh and
TX-CzPh into PS. As shown in Fig. 5 and Table S4 (ESI†), the
emission intensity of both the SeX-CzPh and TX-CzPh doped
films gradually decreases with the increasing oxygen content.
When the oxygen fraction reaches 2.1 � 105 ppm (21%), the
emission of the SeX-CzPh film at 500 nm is quenched 27.6-fold
(Fig. 5a), while that of the TX-CzPh film is only quenched
5.3-fold (Fig. 5b), indicating the higher quenching efficiency
of the SeX-CzPh film. The SeX-CzPh film showed a wide linear
response range of oxygen concentrations from 0 to 2.1� 105 ppm.
According to the Stern–Volmer relation: I0/I� 1 = KSV [O2], the plot
could be linearly fitted (R2 = 0.99687), and the Stern–Volmer
constant (KSV) is calculated to be 1.27 � 10�4 ppm�1 (Fig. 5c).
The limit of detection (LOD) of SeX-CzPh is 4.9 ppm. On the
other hand, the TX-CzPh film has a narrower linear region (0 to
4.0� 104 ppm) with a slightly lower KSV of 1.08� 10�4 ppm�1 and

Fig. 4 The comparison of calculated SOC and energy level diagram of
(a) SeX-CzPh and (b) TX-CzPh.

Fig. 5 (a) PL spectra of the SeX-CzPh doped film at different concentra-
tions of oxygen; (b) PL spectra of the TX-CzPh doped film at different
concentrations of oxygen; (c) Stern–Volmer quenching plots for
SeX-CzPh and TX-CzPh by oxygen; (d) reversible oxygen response of
the SeX-CzPh doped film.
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a higher LOD of 10.7 ppm. These results demonstrate that the
introduction of the selenium atom is favorable for enhancing the
sensing performance. Compared with the oxygen sensors based
on phosphorescent materials reported previously, the SeX-CzPh
film displays a more comprehensive performance with a wide
linear response range and high sensitivity simultaneously, which
is more conducive to the application of oxygen sensing (Table S4,
ESI†).47–52 Besides, to evaluate the reversible sensing ability of
SeX-CzPh for oxygen, the phosphorescence intensity at 500 nm of
the SeX-CzPh doped film was monitored when alternately placing
the doped film into a vacuum environment and an environment
containing oxygen ([O2] = 21%). The emission of the SeX-CzPh
doped film quenched by oxygen can be fully restored and the
process could be repeated at least ten times (Fig. 5d).

Conclusion

In conclusion, a D–A type RTP molecule, SeX-CzPh, consisting
of the 9H-selenoxanthen-9-one (SeX) acceptor unit and the
9-phenyl-9H-carbazole donor unit was synthesized. The SeX-CzPh
doped film shows bright fluorescence–phosphorescence dual emis-
sion with a high FPL of 48.1% at room temperature. In particular,
compared with its analogue, TX-CzPh, with the 2-(9-phenyl-9H-
carbazol-3-yl)-9H-thioxanthene-9-one acceptor, its RTP quantum
yield of 44.3% is four times higher than that of the TX-CzPh doped
film (10.1%), which is not only the highest value for selenium-
containing purely organic RTP materials, but also among the best
results for purely organic RTP-doped films. The high RTP quantum
yield of the SeX-CzPh doped film could be ascribed to the introduc-
tion of the heavy selenium atom, which promotes the ISC and
phosphorescence radiation processes. The SeX-CzPh doped film
exhibits a highly sensitive and reversible oxygen sensing perfor-
mance with a wider detection range (0–2.1� 105 ppm), a higher KSV

(1.27 � 10�4 ppm�1) and a lower detection limit (4.9 ppm), which
are superior to those of the TX-CzPh doped film. These results
demonstrate that 9H-selenoxanthen-9-one is a promising building
block for the rational designof RTP materials with high phosphor-
escence efficiency in film states, and holds great potential for
sensing applications.

Experimental
Measurements and characterization

The 1H-NMR and 13C-NMR spectra were recorded using a 500 MHz
Bruker Avance NMR spectrometer with tetramethylsilane (TMS) as
an internal standard. The MALDI-TOF mass spectra were recorded
using an AXIMA CFR MS apparatus (COMPACT). The UV-Vis
absorption spectra were recorded using a PerkinElmer Lambda
35 UV-Vis spectrometer. The photoluminescence (PL) measure-
ments were conducted using a FluoroMax-4 spectrophotometer
equipped with a 150 W xenon lamp as the excitation source. The
fluorescence and phosphorescence lifetimes were measured with
an Edinburgh fluorescence spectrometer (FLSP-980). The quantum
yields were measured using an integrating sphere (Hamamatsu
Photonics C9920-2). The preparation process of the SeX-CzPh

(1 wt%) doped film is as follows: SeX-CzPh/PS (weight ratio = 1/
99) was dissolved in toluene solution (1 mg mL�1 in total) and
stirred for 30 min at room temperature in a glovebox. Then, the
mixed solution was spin-coated onto quartz substrates at 1000 rpm
for 3 min to obtain the doped film. The TX-CzPh (1 wt%) doped
film was also prepared in the same way. The single-crystal X-ray
diffraction experiments were carried out using a Bruker Smart
APEX diffractometer with a CCD detector, graphite monochroma-
tor, and Mo Ka radiation (l = 0.71073 Å) at 301 K. The intensity data
were recorded with the o scan mode. The Lorentz polarization
factors were determined for the intensity data and the absorption
corrections were performed using the SADABS program. The crystal
structure was determined by using the SHELXTL program and
refined by using the full matrix least squares method. All the non-
hydrogen atoms were assigned with anisotropic displacement
parameters, whereas the hydrogen atoms were placed at the
calculated positions theoretically and included in the final cycles
of refinement in a riding model along with the attached carbons.

Materials

All the chemicals and reagents were used as received from com-
mercial sources without further purification. Solvents for chemical
synthesis were purified according to standard procedures.

Synthesis of 2-bromo-9H-selenoxanthen-9-one (SeX–Br)

3-Bromobenzoic acid (1 g, 4.97 mmol), 1,2-diphenyldiselane
(3.12 g, 9.94 mmol), [Ru(p-cymene)Cl2]2 (130 mg, 0.20 mmol),
PCy3 (112 mg, 0.4 mmol), and NaHCO3 (420 mg, 4.97 mmol)
were dissolved in dry DMF (40 mL) under air, and the resulting
mixture was heated at 100 1C for 48 h. The colour changes from
orange to deep-red and then becomes black. Acetic acid was
added to adjust the solution to acidity, and then diluted with
water. The mixture was extracted with ethyl acetate, and then
washed with saturated brine. After the organic layer was dried
over anhydrous NaSO4, the solvent was removed under vacuum.
The residue was purified by silica gel column chromatography
(hexane : ethyl acetate : acetic acid = 90 : 10 : 1) to get the crude
product, which was further treated with triflic acid at 100 1C for
5 h. After cooling to room temperature, the reaction was
quenched with water, and then extracted with dichloromethane
(DCM). The organic layer was dried over anhydrous Na2SO4 and
concentrated under reduced pressure. The resulting residue
was purified by silica gel column chromatography (hexane :
dichloromethane = 4 : 1) to provide a yellow solid (1.02 g, 61%).
1H NMR (500 MHz, CDCl3) d (ppm): 8.78 (d, J = 1.8 Hz, 1H), 8.65
(dd, J = 6.5 Hz, J = 1.1 Hz, 1H), 7.67–7.62 (m, 2H), 7.57 (td, J = 6.1
Hz, J = 1.2 Hz, 1H), 7.53 (d, J = 6.7 Hz, 1H), 7.51–7.47 (m, 1H).
MALDI-TOF MS (m/z): 338.1 [M+].

Synthesis of 2-bromo-9H-thioxanthen-9-one (TX-Br)

a-Mercaptobenzoic acid (5.4 g, 0.035 mol) was added portion-
wise to a mixture of concentrated sulfuric acid (50 mL, 98%)
and excess bromobenzene (7.3 mL, 0.07 mol). The resulting
suspension was stirred at room temperature for 24 hours, and
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then permitted to stand for an additional 1 hour at 100 1C. The
colour rapidly changes from yellow to deep-red. The mixture
was cooled and poured slowly over ice, filtered, and washed
with water. After being extracted with chloroform, the com-
bined organic layer was dried over anhydrous Na2SO4. After the
removal of solvent, the crude product was further purified by
column chromatography on silica gel (dichloromethane : petro-
leum ether = 1 : 5) as the eluent. The product was isolated as a
yellow solid (6.51 g, 64%). 1H NMR (500 MHz, CDCl3) d (ppm):
8.75 (d, J = 2.2 Hz, 1H), 8.62 (dd, J = 8.1 Hz, J = 1.2 Hz, 1H), 7.72
(dd, J = 8.6 Hz, J = 2.2 Hz, 1H), 7.68–7.62 (m, 1H), 7.61–7.57
(m, 1H), 7.54–7.46 (m, 2H). MALDI-TOF MS (m/z): 291.2 [M+].

Synthesis of 2-(9-phenyl-9H-carbazol-3-yl)-9H-selenoxanthen-9-
one (SeX-CzPh)

2-Bromo-9H-selenoxanthen-9-one (500 mg, 1.48 mmol), (9-phenyl-
9H-carbazol-3-yl)boronic acid (637 mg, 2.22 mmol), Pd(PPh3)4

(85.47 mg, 0.074 mmol), 2 M K2CO3 (5 mL), and Aliquant-336
(two drops) were dissolved in dry toluene (25 mL) under argon.
The resulting mixture was heated at 110 1C for 12 h. After cooling
to room temperature, dichloromethane was added and the mix-
ture was washed with water. The organic layer was dried over
anhydrous Na2SO4, and then the solvent was removed under
vacuum. The resulting residue was purified by silica gel column
chromatography (hexane : dichloromethane = 6 : 1) to provide a
pure yellow solid (460 mg, 62%). 1H NMR (500 MHz, CDCl3,)
d (ppm): 9.04 (d, J = 1.7 Hz, 1H), 8.71 (dd, J = 6.4 Hz, J = 1.3 Hz,
1H), 8.48 (d, J = 1.4 Hz, 1H), 8.23 (d, J = 6.2 Hz, 1H), 7.95 (dd, J =
6.6 Hz, J = 1.8 Hz, 1H), 7.78–7.73 (m, 2H), 7.68 (dd, J = 6.3 Hz,
J = 1.0 Hz, 1H), 7.66–7.62 (m, 2H), 7.62–7.59 (m, 2H), 7.57 (td, J =
6.0 Hz, J = 1.3 Hz, 1H), 7.53–7.48 (m, 3H), 7.47–7.42 (m, 2H),
7.34 (m, 1H). 13C NMR (126 MHz, CDCl3) d (ppm): 182.22, 141.42,
140.65, 140.64, 137.53, 135.10, 132.98, 132.19, 131.67, 131.53,
131.17, 131.15, 130.99, 129.97, 129.35, 128.82, 128.40, 127.63,
127.09, 126.80, 126.29, 125.24, 124.06, 123.37, 120.50, 120.25,
118.86, 110.25, 109.98. MALDI-TOF MS (m/z): 501.1 [M+].

Synthesis of 2-(9-phenyl-9H-carbazol-3-yl)-9H-thioxanthen-9-
one (TX-CzPh)

2-Bromo-9H-thioxanthen-9-one (500 mg, 1.71 mmol), (9-phenyl-
9H-carbazol-3-yl) boronic acid (500 mg, 1.74 mmol), Pd(PPh3)4

(99 mg, 0.086 mmol), 2 M K2CO3 (5 mL), and Aliquant-336 (two
drops) were dissolved in dry toluene (25 mL) under argon. The
resulting mixture was heated at 110 1C for 12 h. After cooling to
room temperature, dichloromethane was added and the mix-
ture was washed with water. The organic layer was dried over
anhydrous Na2SO4, and the solvent was removed under
vacuum. The resulting residue was purified by silica gel column
chromatography (hexane : dichloromethane = 6 : 1) to provide a
pure yellow solid (475 mg, 61%). 1H NMR (500 MHz, CDCl3) d
(ppm): 9.00 (d, J = 1.7 Hz, 1H), 8.68 (dd, J = 6.4 Hz, J = 1.1 Hz,
1H), 8.49 (d, J = 1.4 Hz, 1H), 8.23 (d, J = 6.1 Hz, 1H), 8.03 (dd,
J = 6.7 Hz, J = 1.7 Hz, 1H), 7.77 (dd, J = 6.8 Hz, J = 1.5 Hz, 1H),
7.70 (d, J = 6.7 Hz, 1H), 7.67–7.58 (m, 6H), 7.54–7.48 (m, 3H),
7.47–7.42 (m, 2H), 7.34 (m, 1H). 13C NMR (126 MHz, CDCl3)
d (ppm): 141.42, 140.67, 140.16, 137.52, 137.32, 135.24, 132.25,

131.58, 131.33, 129.99, 129.97, 129.54, 129.25, 127.67, 127.63,
127.09, 126.56, 126.30, 126.09, 125.26, 124.07, 123.38, 120.50,
120.26, 118.90, 110.26, 109.99. MALDI-TOF MS (m/z): 453.1 [M+].

Theoretical calculations

The density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) calculations were carried
out at the M062X/def2SV level using the Gaussian 09 package.
SeX-CzPh and TX-CzPh were directly optimized to obtain the S0

geometry using a solvent model. The TD-DFT calculations for
all molecules were performed using the optimized S0 geometry.
The orbital coupling constant (SOC) was determined at the
M062X/def2SV level using on ORCA 4.2.1. The SOC was calcu-
lated using the optimized S0 geometry. The hole–electron
analysis of SeX-CzPh and TX-CzPh was carried out using
Multiwfn 3.7.

Oxygen sensing

The steady-state spectra and PL intensity were recorded using a
FluoroMax-4 spectrophotometer equipped with a 150 W xenon
lamp as the excitation source. A series of different oxygen
fractions were prepared by controlling the flow rate of high-
purity oxygen and high-purity nitrogen using a flow control
valve. The PL quenching experiment of the SeX-CzPh and
TX-CzPh doped films was carried out by sequentially introdu-
cing different ratios of oxygen/argon mixed gas into the closed
system. The oxygen concentrations were analyzed quantitatively
according to the Stern–Volmer eqn (1):

I0/I � 1 = KSV[O2] (1)

here I0 denotes the initial emission intensity of the film in a
fully deoxygenated state, and I denotes the emission intensity
of the film changed with different fractions of oxygen; KSV is the
Stern–Volmer constant; [O2] is the oxygen fraction. The LOD is
defined as the concentration at which I0 � I is equal to 3-fold
S/N (signal-to-noise ratio). 1 ppm O2 corresponds to 0.0001% O2

(ratio by volume).
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