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Solution-processed triphenylethylene-fluorene
fluorochromes toward deep-blue organic
light-emitting diodes: benefits of preventing
radical formationf
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High band exciton is easily trapped and quenched by the defect structure in wide bandgap light-
emitting conjugated materials (LCMs), which is harmful to the performance and stability of deep-blue
organic light-emitting diodes (OLEDs). In fact, an unsaturated aromatic unit is an unstable segment that
is easily attacked by external influence to form organic radical, which may cause a complicated
photophysical property that reduce the efficiency and stability of OLEDs. Herein, two triphenylethylene-
fluorene LCMs (F-TrPE-MCg and M-TrPE-MCg) are obtained with an efficient deep-blue emission toward
deep-blue OLEDs. First, two materials present deep-blue emission with high efficiency of nearly 80% in
the solid state, which is associated with their intramolecular singlet exciton behavior, according to time-
resolved transient spectroscopy. However, unsaturated double bonds are easily activated by the
synergistic effect of light and oxygen, resulting in the formation of organic radicals in solid films. These
organic radicals may trap and quench the singlet exciton and further cause relatively low emission
efficiency. Finally, compared to the device based on the aged film under light excitation, OLEDs based
on pristine spin-coated films exhibited a better device performance and more stable deep-blue emission

rsc.li/frontiers-materials

Introduction

Solution-processed organic light-emitting conjugated materials
(LCMs) are widely applied in the information display, solid
light and organic lasers owing to their easily structural
modification, low-cost device fabrication, and potentially
mechanical flexibility." ™ In fact, compared to the red and green
ones, deep-blue LCMs always present a wide bandgap, low
charge density and charge mobility, which may be easily doped
with a trapped defect structure.””*? Therefore, compared to green
and red ones, deep-blue organic light-emitting diodes (OLEDs)
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(0.16, 0.09), confirming the importance of the suppression of organic radicals in LCMs.

show a relatively low stability of colour purity, low efficiency and
short operation lifetime.>”"*® To date, the reasons to cause
their instability and low efficiency are divided into intrinsic and
external mechanisms.'”™*® The former one is attributed to the
multi-exciton coupling/annihilation, charge carrier accumula-
tion, and changes under the electric field, and the latter one
involved high-band light, oxygen, water, heat, temperature, and
current density.”>*" The penetration of oxygen atoms may
result in the oxidation of organic aromatic units, the defect traps
of carriers and excitons, and photoinduced degradation
reactions.”'”?>** Among all factors, organic radicals, especially
o-types, act as unstable and active centres, which may form a
relatively stabilized delocalized n-radicals and complex mixture
of degradation products under electrical field.'**** It is reason-
ably foreseen that these defect radicals will act as deep centres to
trap exciton.>*>® All these unexpected parameters induced by
external parameters, such as light, oxygen, and water, result in
the instability and degradation of deep-blue OLEDs.'®*3%°
Therefore, to systematically explore the effect of organic radicals
on the photophysical processing in deep-blue LCMs, which are
preconditions to fabricate stable and efficient deep-blue OLEDs.

In general, conjugated aromatic units along backbone struc-
tures enable chain to show long-range n-electron delocalization,
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which is the origin of optoelectronic property of organic con-
jugated materials.*® These aromatic systems easily react by
external parameters to cause the formation of delocalized
n-radicals.’®** In particular, compared to non-polaron hydrocar-
bons, a high n-electron delocalization of p (donor)-n (acceptor)
conjugated molecules always presents an excellent electronic
landscape to be attacked by external reactive intermediate species
(such as ionic and radical),””*® which cause the formation
of defect structure and trapped sites and centre, resulting in
low emission stability and efficiency.>**”** In fact, unsaturated
double bond is a defect site in conjugated molecules,*” which are
easily attacked by the external parameters, such as light, water,
and oxygen, although they are stabilized by the conjugated
molecular framework.'®'®%¢ Herein, we introduce a steric unsa-
turated double bond contained units, triphenylethylene,** to
systematically explore the effect of the formation of organic
radicals on the photophysical processing of deep-blue LCMs toward
stable and deep-blue OLEDs. First, two solution-processed tri-
phenylethylene-fluorene fluorochromes (F-TrPE-MCg and M-TrPE-
MCg) were designed and prepared with an extremely efficient
deep-blue emission. Corresponding spin-coated films had high
photoluminance quantum efficiency (PLQE) of nearly to 80%
owing to their single-molecular excitonic behavior.””*> As we
expected, organic radicals were formed under light excitation in
the air."®'® Moreover, both OLEDs based on two type pristine
films showed a stable deep-blue emission with a CIE of (0.16,
0.09) but changed to the unstable sky-blue emission after the
formation of organic radical. Interestingly, compared with the
radical-contained films, both OLEDs based on the pristine
films displayed a better and more stable color purity of deep-
blue emission.

Results and discussion

The synthetic routes and chemical structures of these triphenyl-
ethylene-fluorene fluorochromes (F-TrPE-MCg and M-TrPE-MCg)
are illustrated in Scheme S1 (ESIt). These two novel derivatives

3435 and the boronic acid esters
36-38

are prepared by Witting reaction,
of diarylfluorenes are synthesized based on previous studies.
The aimed molecules F-TrPE-MCg/M-TrPE-MCg are prepared
by Suzuki coupling reaction. Their chemical structures were
confirmed by "H NMR, >C NMR spectral analysis and high-
resolution mass spectroscopy (Fig. S1-S6, ESIT). Additionally,
both compounds had high decomposition temperatures (7y)
of 400 °C determined by thermogravimetric analysis (TGA)
(Fig. S7a, ESIT). The glass transition temperatures (T,) of both
compounds exceed 100 °C measured by differential scanning
calorimetry (DSC) (Fig. S7b, ESIt). Simultaneously, two materials
exhibit excellent solubility in some common organic solvent,
such as toluene, dichloromethane, trichloromethane and acet-
onitrile. Cyclic voltammetry (CV) analysis illustrates that the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels of F-TrPE-
MCg and M-TrPE-MCg are estimated at about —5.65 €V, —5.63 €V,
and —2.22 eV, —2.31 eV, respectively (Fig. S8, ESIT).
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Fig. 1 Optical property of F-TrPE-MCg and M-TrPE-MCg in various states.
(a) Absorption and PL spectra of F-TrPE-MCg and M-TrPE-MCg in dilute
solution and film. Time-dependent PL spectra of F-TrPE-MCg_UV (b) and
M-TrPE-MCg_UV (c) films upon ultraviolet excitation under air atmosphere.
The emission intensity of the two films declined slowly, prolonging the time
of light excitation. Time-dependent emission intensity of F-TrPE-MCg and
M-TrPE-MCg (d) films upon ultraviolet excitation under air and N, atmosphere.
Decay time (e) and PLQY (f) of F-TrPE-MCg and M-TrPE-MCg pristine and aged
films. Singlet exciton is easily quenched and trapped by the organic radicals,
which may cause a shorter decay time and emission efficiency.

Subsequently, we further investigated the optical properties
of F-TrPE-MCg and M-TrPE-MC;g in solution and films. As shown
in Fig. 1a, two materials displayed two similar absorption peaks
at 370 nm and 373.5 nm in dilute solution and spin-coating film,
respectively, attributed to the m-n* transitions of conjugated
backbone structures.*® Moreover, the corresponding PL spectra
consisted of two similar peaks at 430 nm and 450 nm, respec-
tively. Interestingly, for the F-TrPE-MCg, the similar emission
spectral profile with two peaks at 435.6 nm (0-0) and 454.2 nm
(0-1) in dilute solution and film effectively confirmed the single-
molecular excitonic behaviour. Compared to the solution state,
the slightly red-shifted (4 nm) emission spectra of the spin-
coated films were assigned to the restriction of the conforma-
tional motion in solid states.** Additionally, for M-TrPE-MCsg, it
shows a red-shift compared film to solution and a distinct
change of spectral profile. The emission intensity of the
M-TrPE-MC; film at 460.6 nm (0-1) was slightly stronger than
that at 441 nm (0-0), attributed to the appearance of weak
intermolecular aggregation or charge-transfer interaction. More-
over, M-TrPE-MC;g has a slight red-shift against F-TrPE-MCg in
both film and solution owing to the weak electron-withdrawing
ability of methyl group compared with fluorine ones.*’ The
fluorescence lifetimes (7) of the two compounds in film were
further studied by time-resolved transient PL analysis (Fig. 1e
and Table 1). The lifetime decays for both types of emissions
exhibited a single-exponential character, with an averaged life-
time (1) of about 1.14 ns for F-TrPE-MCg and 1.10 ns for M-TrPE-
MC;g. High fluorescence quantum efficiency (®) of 78.2% and
70.4% are observed for the F-TrPE-MCg and M-TrPE-MCg spin-
coated films, respectively, owing to the n-n* transition ascribed to
the high degree of conjugation and molecular rigidity. Thus, the
radiative decay rate (K; = ¢/1) of F-TrPE-MCg and M-TrPE-MC;g is
calculated for 6.86 x 10° s " and 6.40 x 10% s . All the results of
spin-coating films above was obtained with the films encapsulated
by a cover glass to isolate the oxygen.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Materials Jap (D) Jem (Nm) Jex (Nm) ¢r (%) g1, (0S) K (s! Kpnr (s

F-TrPE-MCq 370 435/454 368 78.2 1.14 6.86 x 10° 1.91 x 10®
F-TrPE-MCg-UV 370 435/454 368 44.8 0.64 7.00 x 10° 8.63 x 10°
M-TrPE-MCq 373 441/460 364 70.4 1.10 6.40 x 10° 2.69 x 10°
M-TrPE-MCg-UV 373 441/460 364 48.0 0.57 8.42 x 10° 9.12 x 10°

More interestingly, if we kept the spin-coating films
(recorded as F-TrPE-MCg_UV and M-TrPE-MCg_UV) in ultravio-
let excitation under air atmosphere, the lifetime and PLQY are
reduced rapidly. The emission spectra of the two compounds
for spin-coated films were collected at intervals of 30 s because
the films were exposed in air, which indicates that there were
no slight shift in the emission spectra but reduced the emission
intensity (Fig. 1b and c). Time-dependent emission intensity
curves of the two films exposed air are provided to screen the
decrease in emission efficiency concisely and clearly (Fig. 1d).
There is no obvious change in the emission intensity if we kept
sample in the N, atmosphere under ultraviolet excitation,
suggesting the synergistic effect of light excitation and O,. To
confirm this assumption, we added the 25% (weight ratio) of DMPO
into F-TrPE-MCg/M-TrPE-MC; toluene solution (10 mg mL™") to
trap radical. As we expected, both F-TrPE-MCg and M-TrPE-MCg/
DMPO mixed films exhibited similar emission intensity after ultra-
violet excitation in the air compared to the pristine ones (Fig. 2a).
However, their lifetimes (t) at 0-0 band emission are reduced to
0.71 ns and 0.65 ns, respectively. The addition of DMPO can
efficiently restrict the change tendency in emission efficiency.
Subsequently, to deeply explore the effect mechanism of the O,,
two possible routes must be considered, as shown in Scheme 1b,
such as material decomposition and organic radical. Therefore,
MALDI-TOF MS analysis is first explored here to check the mecha-
nism of material decomposition. Owing to MALDI-TOF MS curves
(Fig. 2b), no new substances with low molecular weights are
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Fig. 2 Mechanism investigation of the exciton quenching in the F-TrPE-
MCg_UV and M-TrPE-MCg_UV films. (a) Time-dependent emission inten-
sity of pristine F-TrPE-MCg and M-TrPE-MCg, F-TrPE-MCg and M-TrPE-
MCg/DMPO mixed films (a) upon ultraviolet excitation under air atmo-
sphere. (b) Maldi-Tof data of F-TrPE-MCg and M-TrPE-MCg samples after
ultraviolet excitation under air atmosphere. (c) EPR curves of F-TrPE-MCgq
and M-TrPE-MCg mixed with DMPO. (d) Possible mechanism of the
formation of organic radical in F-TrPE-MCg and M-TrPE-MCg.
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observed after ultraviolet oxygen treatment. Additionally, as dis-
played in the 'H NMR spectra after light excitation (Fig. S12 and
S13, ESIT), beyond the parent one, there is no extra signal peak
observed, indicating that no new product is formed, which agree
with the MALDI-TOF MS results. Therefore, we can exclude the
possibility that excimer or ring-closure reactions occur between
the unsaturated double bond of triphenylethylene moieties or the
decomposition of material among the fluorescence quenching
process under the effect of light and oxygen.'®'®?” Then, electron
paramagnetic resonance (EPR) technique applied to check the
organic radicals emerge in the photoluminescence process. 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) is a kind of radical scavenger
applied to the electron paramagnetic resonance (EPR) technique to
trap some radicals.”® We tested the radicals of the two materials in
diluted solutions, such as aerated nitrogen atmosphere, nitrogen
with ultraviolet irradiation condition, aerated air condition (Fig. S14
and S15, ESIt), and the presence of air with ultraviolet irradiation
condition. Finally, in an air atmosphere, the signal was detected in
the sample exposed to ultraviolet irradiation for the solution
containing DMPO. To confirm the type of radical, a full EPR
spectrum of DMPO-adduct was recorded (Fig. 2c). The adduct of
DMPO with singlet oxygen, abbreviated as DMPO-'0,, has 3 signal
peaks, from left to right, and 3 equal heights, 1:1:1.**™* As shown
in Fig. 2c, the last signal is lower than the first two because the
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Scheme 1 (a) Schematic illustration of organic radical in conjugated
molecules. Organic radicals, included stable and unstable ones, are caused
by the intrinsic and extrinsic factors, which may induce a complicated
photophysical behavior in solid states.2”2831 (b) Chemical structures of our
model deep-blue LCMs (F-TrPE-MCg and M-TrPE-MCg) with an unsatu-
rated double bonds. Unsaturated double bonds in LCMs are easily attacked
by the light and oxygen, resulting in the material decomposition’?? and
formation of organic radical,*®2* which may significantly affect the optical
property of LCMs in solid states.'®18
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Fig. 3 AT/T kinetics of transient absorption spectra of F-TrPE-MCg and
M-TrPE-MCg in solid states. The 2D contour plot of TA spectra in F-TrPE-
MCg (a), F-TrPE-MCg_UV (b), M-TrPE-MCg (e) and M-TrPE-MCg_UV (f)
encapsulated films, respectively. (c and g) Spectra of films before and after
ultraviolet radiation at different probe delay times. (d and h) The compar-
ison of SE time-decay dynamics at the selected wavelength of films and
the PA dynamics tracing.

solution is blocked. The ESR parameters coincided with those of the
DMPO-'O, adduct and strongly supported the triple signal
DMPO-'0, adduct. Singlet oxygen is a kind of reactive oxygen
without paramagnetism, which is the excited state of ordinary
oxygen (*0,). Based on the above analysis, we conclude that 'O,
was formed by *0, under the combined action of total environ-
mental effects. According to the results above, a reasonable infer-
ence was drawn from the outcome. The radicals generated during
the photoluminescence process with the combined action of ultra-
violet and oxygen, with the specific process is shown in
Fig. 2d.">"®*” We estimate that the entire system condition induces
the generation of *0,. Moreover, the double bond of triphenylethy-
lene may be attacked by the 'O, radicals because the unsaturated
double bond becomes unstable. The addition of 25% content
DMPO captures 'O,, making further efforts to impede the radical
formation. Ultimately, fluorescence roll-off is effectively suppressed.
Thus, the formation of organic radicals can easily reduce the
emission efficiency and color purity in the films, which is detri-
mental to the fabrication of OLEDs.

In general, femtosecond transient absorption (fs-TA) is an
effective tool to explore the excitonic behavior in the solid
states.”** Therefore, fs-TA analyses of F-TrPE-MCg and
M-TrPE-MCg films are introduced here to investigate their
ultrafast photoexcitation dynamics behavior (Fig. 3). The 2D
contour plot of TA spectra in F-TrPE-MCg and F-TrPE-MCg;_UV
films (both films were encapsulated by cover glasses through
the measurement process) demonstrates an obvious stimulated
radiation (SE, AT/T > 0) signal accompanied with a photo-
induced bleach (PB, AT/T > 0) signal and a photoinduced
absorption (PA, AT/T < 0) signal in the initial time (Fig. 3a and b).
Then, transmission (A7/7) spectra at 1, 2, and 5 ps delay time of the
two films are depicted in Fig. 3c and d. Their AT/T spectra are
composed of a strong PB band below 420 nm, a SE band at 420-
490 nm, and a PA band estimated at 550-700 nm. In addition, the
SE-to-PA zero-crossing point shows a blueshift with a delay prolong
of their respective process with a delay prolong. Interestingly, strong
SE band also revealed their robust deep-blue emission, reasonably
explaining their extremely high PLQY (up to nearly 80%).
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Compared to the delay prolong of pristine film, the junction
of PA signal and SE signal changed to the direction of short
band in the aged film, indicating the rapid single exciton decay
that consisted of the shorter lifetime above. Moreover, the weak
SE and strong PA band also caused the low deep-blue emission
efficiency after the formation of organic radicals. More impor-
tantly, symmetric AT/T curves of SE time-decay dynamics
(455 nm) and PA dynamics tracing (671 nm) also confirmed
the deep-blue emission from singlet excitons but no influence
from polaron pairs (Fig. 3d).” Compared to pristine films,
slightly weak SE band was found for the M-TrPE-MCg and
M-TrPE-MCg_UV film, associated with the exciton quenching
upon the formation of organic radical, resulting in the for-
mation of an undesirable polaron pair. Their single excitons
decayed rapidly, supporting that the excitons are quenched by
organic radicals and reduced the emission efficiency. Although
it is not unique, there are strong intensities at the polaron band
between 550 and 700 nm, which also effectively supports the
observation above. Interestingly, similar to pristine ones, as
illustrated in Fig. 3h, there is extremely perfect symmetry AT/T
behaviour of the dynamic of SE and PA owing to the intra-
molecular emission behaviour without any other emissive
species. Therefore, these results above effectively concluded
that the formation of organic radicals in our materials can
quench exciton, reducing emission efficiency and stability.

To check the effect of organic radical on electroluminescene
(EL) properties, preliminary OLEDs are fabricated with a
conventional structure. First, film morphology of two pristine
and aged (UV light excitation) F-TrPE-MCg and M-TrPE-MCg
spin-coated films was analysed by performing atomic force
microscopy (AFM) analysis. As depicted in Fig. S16, all F-
TrPE-MCg, M-TrPE-MCg, F-TrPE-MCg_UV and M-TrPE-MCgz_UV
films exhibited a smooth and continuous surface morphology
with a root mean square (RMS) roughness of 0.209, 0.235,
0.293 and 0.357 nm, respectively. Then, device performances
are illustrated in Fig. 4. First, for the OLEDs based on F-TrPE-
MCg UV and M-TrPE-MCg UV films, as expected, EL spectra
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Table 2 Performance of the OLED based on F-TrPE-MCg, M-TrPE-MCg, F-TrPE-MCg_UV and M-TrPE-MCg_UV films

CIE
Emissive layer EL (nm) Von (V) Linax (cd m™3) EQE (%) Leurn on Limax
F-TrPE-MCg 436/450 4.4 1570.0 0.98 (0.158, 0.089) (0.160, 0.090)
F-TrPE-MCg-UV 436/450 5.8 834.8 0.36 (0.168, 0.104) (0.180, 0.150)
M-TrPE-MCjg 440/455 4.2 1175.4 1.10 (0.155, 0.100) (0.160, 0.110)
M-TrPE-MCg-UV 440/455 5.2 489.45 0.42 (0.167, 0.133) (0.190, 0.170)

consisted of two emission peaks at 436 and 450 nm as well as
440 and 455 nm, with a long tail to 650 nm. Commission
International de L’Eclairage (CIE) coordinates of the initial EL
spectra for devices with irradiation were about (0.167, 0.104)
and (0.168, 0.133). However, with increasing applied voltage
and current density, undesirable green-band emission at
500 nm ~ 650 nm appeared, which indicated a relatively weak
emission stability, resulting in a low color purity of deep-blue
emission (CIE: change to (0.180, 0.150) and (0.190, 0.170)).
F-TrPE-MCg and M-TrPE-MC; pristine spin-coated films are
prepared without the effect of the light excitation and O,,
which are act as emissive layer for OLEDs. Interestingly, EL
spectra of their devices exhibit two maximum and shoulder
emission peaks at about 436 and 450 nm as well as 440
and 455 nm for F-TrPE-MCg and M-TrPE-MC;g, respectively,
resembling the corresponding PL spectra, as shown in
Fig. 1a, 4c and Table 2. More importantly, there are no obvious
green-band emission, further confirming no obvious intermo-
lecular aggregation and electron coupling. The corresponding
CIE coordinates were about (0.158, 0.089) and (0.155, 0.100),
respectively, suggesting a robust deep-blue emission. With the
increase in current density from 50 to 400 mA cm >, stable EL
spectra and CIE coordinates ((0.160, 0.090) and (0.160, 0.110))
of F-TrPE-MC; devices suggest more stability and color purity of
deep-blue emission versus M-TrPE-MCg devices. Therefore, to
suppress the formation of organic radical, LCMs are used to
enhance the spectral stability and color stability of deep-
blue OLEDs.

In general, the formation of organic radicals is harmful to
the device performance. As demonstrated in Fig. S17 (ESI{), it
can be observed that the turn-on voltages (V,,) of the devices
based on F-TrPE-MCg, M-TrPE-MCg, F-TrPE-MCg_UV and
M-TrPE-MCg_UV films are calculated at about 4.4 V, 4.2V, 5.8V
and 5.2 V, respectively. The corresponding devices based on the F-
TrPE-MCg and M-TrPE-MC;g pristine films exhibited a maximum
brightness of 1570 cd m ™~ (obtained at 377.6 mA cm ™2, 7.2 V) and
1175 c¢d m~2 (obtained at 215.4 mA cm 2, 5.8 V), respectively;
the maximum external quantum efficiency (EQE) of 0.98% and
1.1% was recorded with a driving current density of 68.7 and
70.7 mA cm™ >, respectively. The performance of the devices is
comparable to the conventional solution-processed deep-blue
OLEDs. However, if the F-TrPE-MCg_UV and M-TrPE-MCg_UV
aged films were selected as the emissive layer, the maximum
luminance density was about 834.8 cd m? (recorded at
3786 mA cm > 8.8 V) and 489.45 cd m™> (recorded at
249.5 mA cm >, 7 V), respectively. The corresponding maximum
EQE values were reduced to 0.36% and 0.42%, respectively.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Obviously, OLEDs based on fresh films present a better perfor-
mance and spectral stability than those of aged film obtained
after light excitation, which include color purity, EQE, V,, and
brightness, confirming the importance of the suppression of
organic radical in OLEDs.

Conclusions

In summary, the effects of organic radicals in LCMs on their
photophysical property are systematically investigated toward
fabricating stable deep-blue OLEDs. Owing to the intra-
molecular excitonic behavior induced by large steric units,
model F-TrPE-MCg and M-TrPE-MCg present a robust deep-
blue emission with extremely high emission efficiency of nearly
80%. However, unsaturated bonds in model F-TrPE-MCg and
M-TrPE-MCg are easily sensitized by the light and oxygen,
resulting in the formation of organic radicals. These radicals
act as defect structure to trap and quench singlet exciton, which
may reduce efficiency and color purity of deep-blue emission.
Moreover, from the ultrafast photophysical dynamic analysis,
compared to the pristine spin-coated ones, singlet exciton had
a short decay time in aged film (under the light and oxygen).
Therefore, compared to aged film, OLEDs based on the fresh
films had a more stable deep-blue emission with a CIE of (0.16,
0.09), better device performance (2.5 folds) and high brightness
(2 folds) at low current density. Thus, to avoid the formation of
this radical in common, LCMs is preconditioned to obtain high
performance and stable deep-blue OLEDs.
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