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The purely organic room temperature phosphorescence (PO-RTP) emitters have gained significant
importance because of their wide range of applications in display, biology, security, and many other fields.
However, it is critical to address the issue of low photoluminescence quantum yield (PLQY) and lower
phosphorescence emission efficiency. In this study, we showed how the abovementioned problems might be
resolved to offer superior PO-RTP emission by correctly substituting the main aromatic PO-RTP core. The
10H-phenoselenazine (PSe) core was substituted with heteroaromatic and pure-hydrocarbon substituents to
give 10-(4-(tert-butyl)phenyl)-3-dibenzolb,d]furan-2-yl)-10H-phenoselenazine (PSeDBF) and 10-(4-(tert-butyl)-
phenyl)-3-(9,9-dimethyl-9H-fluoren-2-yl)-10H-phenoselenazine (PSefL), respectively. Compared with PSeFL,
the PSeDBF displayed higher PLQY, a spin—orbital coupling matrix element 11 times higher, and external quan-
tum efficiency, approximately 45% higher. A high external quantum efficiency of 12.8% combined with PLQY
of 59% was achieved in the PSeDBF device, suggesting that proper substituent engineering on the PO-RTP
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core effectively develops highly efficient PO-RTP devices.

The Journal of Materials Chemistry C is one of the most important journals for researchers in the field of organic light-emitting diodes to publish research works
about organic electronic materials and light-emitting materials. The development of high performance organic electronic materials and light-emitting

materials has been a hot topic in the material science field and has grown with the Journal of Materials Chemistry C. I sincerely celebrate the 10th anniversary
of the Journal of Materials Chemistry and would like to contribute further to the advance of the journal.

Introduction

Because of their low toxicity, easy processing, stability, and low
cost, metal-free and pure organic room temperature phosphor-
escence (PO-RTP) materials have received significant attention
recently.””” Their demand in various industries such as medical
imaging, information encryption, information storage, opto-
electronics, and emergency signs shows their significance.> > For
their use in organic light-emitting diode (OLED) applications,
certain requirements such as a short phosphorescence lifetime,
a high photoluminescence quantum yield (PLQY), and a high
external quantum efficiency (EQE) are desired. Various strategies
have been used over the years to improve room temperature
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phosphorescence (RTP) performance from purely organic phos-
phors, including the host-guest materials,"* halogen bonding,"*
heavy atoms,"” ™ crystallization,***" cocrystallizations,”* and car-
bon dots (CDs).>

In the PO-RTP materials, the rate of intersystem crossing
(ISC) between excited singlet states (S;) and triplet states (T,), as
well as that between T; and singlet ground state (S,), must be
enhanced. The ramp-up of the transition between singlet and
triplet states can be caused by a strong spin-orbit coupling
matrix element (SOCME) between them.>*2° It is well known
that the main building block and the substituents substantially
impact the emitter’s RTP properties.”” Therefore, careful man-
agement of substituents on the main building block can be a
beneficial tool in achieving efficient emission from PO-RTP
materials.?®~3°

In this study, we developed PO-RTP materials by engineering
the substituent attached to a 10H-phenoselenazine (PSe) core
with Se as a heavy atom to induce an RTP, enhancing the PLQY

This journal is © The Royal Society of Chemistry 2023
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and EQE of the PO-RTP emitters. Dibenzo[b,d]|furan (DBF) was
used to decorate the main PSe core, resulting in 10-(4-(¢er¢-butyl)-
phenyl)-3-dibenzo[b,d]furan-2-yl)-10H-phenoselenazine (PSeDBF)
and 9,9-dimethyl-9H-fluorene (FL) to produce 10-(4-(tert-butyl)-
phenyl}-3-(9,9-dimethyl-9H-fluoren-2-yl}-10H-phenoselenazine (PSeFL).
The PSeDBF showed a high PLQY and EQE of 59.0% and 12.8%,
respectively, compared with 40.0% and 7.4% of PSeFL. The
combination of the PSe core with DBF effectively controlled the
rate of nonradiative decay of the triplet excitons to increase
the PLQY. Ultimately, the PSeDBF-doped device outperformed
the PSeFL-doped device.

Results and discussion
Design strategy and synthesis

The main purpose of this study was to examine the effect of
substituents attached to the PSe core on the RTP properties of
PSe core-based PO-RTP emitters. We used PSe as an aromatic
core unit of our design since the heavy atom effect of the Se
atom has been extensively proven to trigger RTP emission.*'*
The PSe core was modified with dibenzo[b,d]furan (DBF) unit and
a 9,9-dimethyl-9H-fluorene (FL) unit. Furthermore, the PSe core of
both phosphors was N-substituted with a 4-tert-butylphenyl sub-
stituent to control the intermolecular interactions.

Scheme 1 shows the synthetic pathway for the target materials.
The PSe core was synthesized using the method described in our
previous paper.*® The PSe core was N-arylated with 1-bromo-4-
(tert-butyl)benzene to form 10-(4-(tert-butyl)phenyl)-10H-pheno-
selenazine (I-1) in 74% yield. The I-1 was brominated at 40 °C
using N-bromo succinimide in N,N-dimethyl formamide to pro-
duce 3-bromo-10-(4-(tert-butyl)phenyl)-10H-phenoselenazine (I-2).
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Scheme 1 Synthesis of target compounds.
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Finally, under Suzuki coupling conditions, the I-2 was treated with
dibenzo[b,d]furan-2-ylboronic acid and (9,9-dimethyl-9H-fluoren-
2-yl)boronic acid to obtain PSeDBF and PSeFL, respectively, in
moderate yield. Column chromatography is used to purify the
synthesized intermediates and final compounds. Highly pure
PSeDBF and PSeFL were obtained via vacuum sublimation of
the final compounds. Mass spectrometry, high-resolution mass
spectrometer, and proton and carbon nuclear magnetic resonance
spectroscopy (‘H and "*C-NMR) were used to confirm the struc-
ture of intermediate and final compounds.

Density functional theory (DFT) calculations using the
B3LYP/6-311 + G** basic set of the Gaussian 16 software
were used to determine the optimized geometry and highest
occupied molecular orbital (HOMO)/lowest unoccupied mole-
cular orbital (LUMO) distributions of the PSeDBF and PSeFL.
Fig. 1 shows the frontier orbital distributions of PSeDBF and
PSeFL. The HOMOs of PSeDBF and PSeFL are mostly confined
within the PSe core and are partially extended across their
respective subunits (DBF and FL units) and 4-tert-butylphenyl
pendant. The LUMO of PSeDBF was distributed over the DBF
unit, whereas that of PSeFL was located over the FL unit and
extended significantly over the PSe core. Therefore, the PSeDBF
showed limited HOMO-LUMO overlap, whereas the PSeFL
showed substantial HOMO-LUMO overlap. Compared with
DBEF, relatively weak electron deficiency of the FL unit widely
extended the PSeFL LUMO.

Additionally, the disparity in the HOMO-LUMO distribution
can be partially explained by dihedral angle data. The dihedral
angles between the PSe core and subunits in PSeDBF and PSeFL
were 38.0° and 35.6°, respectively. The reduced dihedral angle
resulted in increased HOMO-LUMO overlapping in PSeFL
compared with PSeDBF. PSeDBF and PSeFL had dihedral
angles of 97.7° and 90.3° between the PSe core and the p-tert-
butylphenyl pendant, respectively. The large twisting and the
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Fig. 1 Frontier orbitals distributions of PSeDBF and PSeFL.
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Table 1 Summary of PSeDBF and PSeFL photophysical properties
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Emitter A" (nm) Jem (NM)

EJE(/AEgy (V) HOMO/LUMO/BG (eVY ®p* (%) 1p"/14° (ns/ms)

PSeDBF 292 (sh), 314-400 (sh) 439°/439426, 506%/507°
PSeFL 314, 340-433 (sh) 452°/451¢/429, 5297/530°

“ Absorption measured in 10~° M toluene solution. °

10" M toluene solution after N, purging Emission measured in frozen toluene under N, at 77 k without 1.0 ms delay. ¢

422,521/526°  3.11/2.64/0.47
423,526//542¢  3.13/2.55/0.58

—5.44/—2.42/3.02 59'/20™
—5.44/—2.52/2.91 40'/10™

6.80/0.91
8.29/4.58

Emission maximum in 10~ M toluene solution without N, purglng ¢ Emission maximum in

(LTFL) and with 1.0 ms

delay. ¢ LTPI}] Room temperature emlssmn was measured using film prepared by doping 1 wt% emltters in mCP-TSPO1 host film matrix without

1.0 ms delay. / (RTFL) and 1.0 ms delay. ¢ (RTPL). "
of LTPL./ Calculated from the cyclic voltammetry analysis. ©
m-CP:TSPO1 host matrix. ' Measured under nitrogen atmosphere. ™

Calculated from the onset of the first peak of LTFL. ‘ Calculated from the onset of the first peak
Photolumlnescence quantum yield measured using 1 wt% of the emitter doped in
Measured in the absence of a nitrogen atmosphere. "

Prompt and. ° delayed

fluorescence lifetime measured using 1 wt% of the emitter doped in m-CP:TSPO1 host matrix.

presence of the tert-butyl group at the 4-position of the phenyl
pendant are crucial to disturbing the molecular packing in the
solid state to avoid intermolecular interactions.

Experimental HOMO, LUMO, and HOMO-LUMO band gaps
were measured using cyclic voltammetry (CV) with a 0.1%
tetrabutylammonium perchlorate solution as an internal stan-
dard. Fig. S7 (ESIf) shows the CV curves, and Table 1 contains
the calculated energy level data. The oxidation curves of the
compounds were characterized by multiple oxidation waves
caused by the oxidation of the PSe unit. The oxidation of the
fluorene unit caused an extra significant oxidation wave at 1.5 V
in the PSeFL. The oxidation potential calculated from the first
oxidation wave was 0.64 V for both PSeDBF and PSeFL. PSeDBF,
however, had a smaller reduction potential than PSeFL (—2.28 V),
with a value of —2.38 V. For PSeDBF and PSeFL, the HOMO/
LUMO/HOMO-LUMO gap was calculated as —5.44/—2.42/3.02
and —5.44/—2.52/2.91 eV, respectively.

SOCME calculations were performed to understand the
possibility of ISC achieving an effective RTP. The SOCMEs,
excited state energies, and S;-T; energy gap (AEsy) of the
PSeDBF and PSeFL phosphors were calculated using time-
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Fig. 2 Spin-orbital coupling matrix elements (SOCMEs) and energy levels
of PSeDBF and PSeFL.
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dependent density functional theory (TD-DFT) calculations
based on the B3LYP functional, def2-TZVP basis set, and the
ORCA program (Fig. 2 and Table S1, ESIf). The S; energy of
PSeDBF was 3.42 eV, whereas Ty, T,, and T; energies were 3.00,
3.27, and 3.39 eV, respectively, showing that the ISC from S, to
Ty, Ty, and T; is plausible. The SOCMEs for the electronic
transition were calculated, and those of PSeDBF for the T; —
So, T» = So, and T; — S, were 142.00, 3.12, and 131.00 cm ™7,
respectively. The high SOCME for the T; — S, and T; — S,
suggests that the phosphorescence of PSeDBF would be more
efficient. In PSeFL, the S,, Ty, and T, energies were 2.96, 2.52,
and 2.98 eV, respectively, and the SOCMEs for T; — S, and
T, — S, were 11.0 and 12.10 cm ™", respectively. The relatively
small SOCMEs for phosphorescence suggest inefficient phos-
phorescence of PSeFL. According to the SOCME data, the
PSeDBF may outperform the PSeFL as a pure PO-RTP emitter.
The considerable extension of the molecular orbital, which
weakens the heavy atom effect, causes the low SOCME values
of PSeFL. Thus, the DBF substituent would be preferable to the
FL substituent to activate the phosphorescence of the PSe core-
based PO-RTP emitters.

Photophysical properties

The ultraviolet-visible (UV-vis) absorption spectra of PSeDBF,
PSeFL, as well as PSe-core were measured at room temperature
in toluene solution (10> M). (Fig. 3a and Fig. S7, ESI{). The
PSe-core showed a strong absorption peak at 315 nm (Fig. S7,
ESIT) which was retained in PSeFL, whereas it appeared as
shoulder peak in PSeDBF (Fig. 3a). The UV-vis absorption of
PSeFL was redshifted compared to that of PSeDBF by extending
conjugation through the FL unit. The absorption peaks below
400 nm were caused by the n-n* and n-n* absorptions. The
optical bandgap for PSeDBF and PSeFL was estimated to be
3.06 eV and 2.98 eV, respectively, from the onset energy of
UV-vis absorption.

The photoluminescence (PL) measurements were conducted
using toluene solution (10> M) with and without N, purging at
room temperature (Fig. 3b for PSeDBF and Fig. 3c for PSeFL).
The low-temperature PL analysis was performed using 10> M
toluene solution at 77 K without (LTFL) and with 1.0 ms
delay (LTPL) time (Fig. 3b for PSeDBF and Fig. 3c for PSeFL). The
solid film PL was measured using a film prepared by 1 wt% emitter
doping in 1,3-bis(N-carbazolyl)benzene (m-CP)/diphenylphosphine

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) UV-Visible curves of PSeDBF and PSeFL measured using 10~ M toluene solution. PL measured in 10> M toluene solution without and with
nitrogen bubbling at room temperature and low-temperature PL in 10™> M toluene solution without (LTFL) and with 1.0 ms delay (LTPL) for (b) PSeDBF
and (c) PSeFL. PL measured using 1 wt% emitters dopped in mCP-TSPOL1 host film at room temperature without and with 1.0 ms delay for (d) PSeDBF and

(e) PSeFL.
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oxide-4-(triphenylsilyl)phenyl (TSPO1) matrix without (RTFL) and
with 1.0 ms delay time (RTPL) at room temperature (Fig. 3d for
PSeDBF and Fig. 3e for PSeFL). Table 1 shows the data obtained.
In addition to that, we also measured PL and LTPL of PSe-core in
10> M concentration toluene solution (Fig. S7, ESIT).

The PL spectrum of PSe-core showed strong fluorescence
emission with emission maximum at 377 nm. The LTPL
spectrum of the PSe-core with 1.0 ms delay showed a strong
phosphorescence emission at 488 nm without fluorescence
peak. The PL spectra of the PSeDBF and PSeFL in dilute toluene
solution were the same with and without N, purging, showing
that the emission is fluorescence. The peak wavelength was
439 nm for PSeDBF and 452 nm for PSeFL without any
phosphorescence. This is because of molecular motion in
solution dissipation of triplet exciton energy. The phosphores-
cence was activated in frozen solution. The low-temperature PL
(LTPL) in frozen toluene at 77 K measured without 1.0 ms delay
(LTFL) was characterized by two emission peaks. In addition to
the blue-shifted fluorescence at 426 and 429 nm in PSeDBF
and PSeFL, respectively, a second peak at 506 and 529 nm for
PSeDBF and PSeFL appeared because of phosphorescence.
After applying a 1.0 ms delay (LTPL), the fluorescence peak
at 426 and 429 nm for PSeDBF and PSeFL, respectively
were disappeared, and only phosphorescence was observed.
Nonradiative decay was suppressed by restricted molecular mobi-
lity in the compounds, resulting in an intense phosphoresce
emission in frozen toluene at 77 K (LTPL). The phosphorescence
was from mixed excited state of local and charge transfer states
considering the broadened emission spectra with vibrational
peaks compared with the phosphorescence of the core structure
without the substituents.*®

The solid film PL spectra of 1 wt% emitter in m-CP/TSPO1
host matrix without delay showed fluorescence/phosphores-
cence at 422/521 nm for PSeDBF and 423/526 nm for PSeFL
at room temperature. After 1.0 ms delay time, only phosphor-
escence was observed at 526 and 542 nm for PSeDBF and
PSeFL, respectively. The film PL was further investigated by
varying the doping concentrations of the emitters in the host
matrix from 1 to 15 wt% (Fig. S8 and S9, ESIt). The emission
spectra was not changed significantly as the doping concen-
tration of the emitter increased from 1 to 15 wt% for both
compounds, suggesting that the emission was from a single
molecules. Thus, the solid film PL data confirmed that the
synthesized molecules exhibit strong phosphorescence at room
temperature.

For the PSeDBF and PSeFL, the PLQYs of a 1 wt% emitter
doped mCP-TSPO1 film under nitrogen/under air were 59/20%
and 40/10%, respectively. The PLQY of both emitters was dra-
matically reduced under air, implying that triplet excitons played
a significant role in the emission process. The PLQY of PSeDBF
was much higher than that of PSeFL, indicating an efficient
phosphorescence of PSeDBF, as can be predicted from the high
SOCME. The DBF unit played a role in enhancing the PLQY of
the PO-RTP emitter as an auxochromophore through a weakly
extended molecular orbital. It is anticipated that PSeDBF-based
devices will perform better than PSeFL-based devices.

8088 | J Mater. Chem. C, 2023, 11, 8084-8090
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Transient PL (TRPL) analysis was used to investigate the
origin of emission of the PSeDBF and PSeFL (Fig. S8, ESIT and
Table 1). The TRPL analysis was conducted using a film
prepared by doping 1 wt% emitter in the mCP-TSPO1 host
matrix. The prompt fluorescence lifetime for PSeDBF and PSeFL
was 6.80 and 8.70 ns, respectively. Interestingly, the PSeDBF
had a fivefold shorter phosphorescence lifetime than PSeFL. The
PSeDBF had a phosphorescence lifetime of 0.91 ms, whereas
PSeFL had a phosphorescence lifetime of 4.58 ms. These results
unequivocally show the significance of the inclusion of the DBF
unit on the PSe core in shortening the excited state lifetime
compared with the FL unit. The high SOCME of PSeDBF
accelerated the phosphorescence, and the long-excited lifetime
supports phosphorescence as the origin of the emission.

Electroluminescence properties

The electroluminescence performance of the compounds was
examined by fabricating devices using an mCP/TSPO1 (50:50)
mixed host system. The triplet energies of mCP and TSPO1 were
2.9 and 3.3 eV, respectively, whereas those of PSeDBF and
PSeFL were 2.64 and 2.55 eV, respectively. Triplet excitons can
be harvested effectively without back energy transfer from guest
to host since the triplet energy of the host system is much
higher than that of the guest dopants. The optimized multilayer
device structure is indium tin oxide (50 nm)/PEDOT: PSS
(60 nm)/TAPC (10 nm)/TCTA (10 nm)/PCzAC (5 nm)/mCP
(5 nm)/mCP:TSPO1: dopant (25 nm:50%:5%)/TSPO1 (5 nm)/
TPBi (40 nm)/LiF (1 nm)/Al (200 nm), where the mCP:TSPO1:
dopant was an emitting layer (EML). The details of the device
layers, the optimized device diagram, and the structures of the
device layers are provided in the ESIt (Fig. S9). Three devices
with different dopant doping concentrations were fabricated.
Devices A, B, and C with doping concentrations of 5, 10, and
15 wt% were fabricated for PSeDBF, respectively, and devices D,
E, and F with 5, 10, and 15 wt% doping concentrations were
fabricated for PSeFL, respectively. Fig. S10 (ESIt) shows the
device properties, and Table 2 shows the related data.
Because of dopant-assisted direct hole injection in the EML,
the turn-on voltage of the devices was reduced by increasing the
doping concentration. As expected, all the PSeDBF devices
showed EQE,,x of greater than 10%, and device B achieved
the highest efficiency of 12.78%. The PSeFL-based devices,
however, exhibited an EQE,,,, of over 6%, and the best EQE
was 7.43% for device E. The maximum power efficiency
(PE) and current efficiency (CE) followed a similar trend. The
PE,..x values for devices A, B, and C were 30.56, 35.33, and
36.59 Im W', respectively, whereas those for devices D, E, and
F were 13.86, 16.64, and 15.0 Im W™, respectively. In contrast
to the PSeFL-based device E, which showed a higher CE.x of
23.85 cd A", the PSeDBF-based device B reached its maximum
CEpax Of 45.00 cd A™'. The difference in EQEn,ax, PEmax, and
CE.x between PSeDBF- and PSeFL-based devices demon-
strated the PSeDBF developed by incorporating additional
DBF units on the Pse core outperformed PSeFL substantially.
The emission from all the fabricated devices was in the
green region. The corresponding CIE color coordinates were

This journal is © The Royal Society of Chemistry 2023
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Table 2 Electroluminescence data summary of devices A, B, C, D, E, and F
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Dopant Device Doping conc. (%) Von” (V) EQEma” (%) PEpma’ (Im W1) CEpmay (cd A™Y) (x, )¢ ELpa (nm)
PSeDBF A 5 3.5 11.95 30.56 42.15 (0.37, 0.50) 533

B 10 3.5 12.78 35.33 45.00 (0.38, 0.49) 535

C 15 3.5 11.63 36.59 40.78 (0.38,0.49) 537
PSeFL D 5 4.0 6.73 13.86 21.78 (0.48, 0.43) 555

E 10 4.0 7.43 16.64 23.85 (0.48,0.43) 555

F 15 4.0 6.03 15.00 19.11 (0.47, 0.42) 558

“ Turn on voltage. ”
/ Electroluminescence maximum at 5 V.
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1.0 e

0.8+ I

0.6 -

Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

Fig. 4 Electroluminescence (EL) curves at 5 V for PSeDBF and PSeFL
devices.

found to be (0.37, 0.50), (0.38, 0.49), (0.38, 0.49), (0.48, 0.43),
(0.48, 0.43), and (0.47, 0.42) for devices A, B, C, D, E, and F,
respectively. The EL emission at 5 V for devices A, B, and C was
at 533, 535, and 537 nm, respectively (Fig. 4). The EL maximum
at 5V for the PSeFL-based devices D, E, and F was redshifted to
555, 555, and 557 nm, respectively, compared with PSeDBF
devices. This trend was the same as that observed in the PL
emission of the materials. However, the EL emission from the
devices remained almost the same even after increasing the
doping concentrations from 5% to 15%, suggesting that
the concentration caused red shift was effectively suppressed
in the devices. Furthermore, the EL spectra were free from the
fluorescence emission of the compounds, suggesting that the
pure-phosphorescence emission is the main emission source in
PO-RTP emitters. This is indicative of excellent triplet excitons
harvesting in the fabricated PO-RTP devices.

Conclusions

In summary, by substituting the PSe core with two different
substituents, two novel Se-based phosphors were developed.
In comparison with the PSeFL, which had a PLQY of 40% and a
longer excited lifetime of 4.58 ms, the PSeDBF emitter with Se and
DBF unit had a higher PLQY of 59% and a shorter excited state
lifetime of 0.91 ms. The high SOCME of PSeDBF and the PLQY
enhancing function of DBF causes an increase in phosphorescence

This journal is © The Royal Society of Chemistry 2023
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characteristics. Therefore, the PSeDBF-based devices outperformed
the PSeFL devices. The device B, fabricated using 10% PSeDBF,
had the highest EQE,,,.x of 12.78% compared with the PSeFL-based
device E, with the highest EQE,,x of 7.43%. This study shows that
it is possible to develop high-efficiency PO-RTP molecules for
OLED applications by correctly substituting the PO-RTP core.
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