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A reverse intersystem crossing managing assistant
dopant for high external quantum efficiency
red organic light-emitting diodes+
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Thermally activated delayed fluorescence (TADF) materials that can serve as assistant dopants with
reduced Dexter energy transfer rates were designed by replacing the donor moiety of 2,3,5,6-tetra-
(9H-carbazol-9-yl)terephthalonitrile (4CzTPN) with 5H-benzol4,5]thienol3,2-clcarbazole (BTCz). The
employment of the BTCz donor strengthened the charge transfer character, inducing high reverse
intersystem crossing (RISC) rate. Careful management of the number of BTCz donor moieties optimized
the RISC rates and photoluminescence quantum yield value for high efficiency in TADF-assisted
fluorescent devices. A TADF-assisted fluorescent device with the BTCz-modified TADF assistant dopant
exhibited a high external quantum efficiency of 13.0% compared with 11.3% for that with the 4CzTPN
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Introduction

Recently, thermally activated delayed fluorescence (TADF) emit-
ters have undergone active research due to their capability
of achieving 100% internal quantum efficiency (IQE) in electro-
luminescent (EL) devices. TADF molecules utilize 75% of
electrogenerated triplet excitons for radiative transition
through the reverse intersystem crossing (RISC) process.
In general, they are designed to have donor and acceptor
moieties for efficient RISC through spatial orbital separation
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), which
induces a small energy difference between singlet (S;) and
triplet (T,) excited states (AEsry). The small AEgr makes it
possible to convert triplet excitons into singlet excitons at room
temperature through the RISC process.'™*

However, the use of TADF materials as dopant molecules is
limited by their broad emission spectra due to the high degree
of geometry changes in the excited state in spite of a high IQE
close to 100%. Instead, the triplet exciton harvesting function
of TADF materials allowed them to be used as assistant
dopants to harvest the singlet excitons of a fluorescent emitter
for an IQE of 100% (hyperfluorescence).'*'® In general, only
25% of electrogenerated excitons are utilized by fluores-
cent emitters, but 100% electrogenerated excitons can be
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assistant dopant due to suppressed Dexter energy transfer.

completely used by the fluorescent emitter in the hyperfluor-
escent device employing TADF molecules as the assistant
dopant to harvest triplet excitons for Forster resonance energy
transfer (FRET) to the fluorescent emitter. Furthermore, high
color purity can also be achieved by the hyperfluorescence
process because the main emission originates from the fluor-
escent emitter. Recently, several articles demonstrated out-
standing performance in organic light emitting diodes
(OLEDSs) via the TADF-assisted fluorescence process by mana-
ging either the TADF assistant dopant or the fluorescent
emitter. However, the design of the TADF assistant dopant
to effectively harvest the singlet excitons of a fluorescent
emitter is still limited and further exploration of TADF materials is
demanded."*

In this work, we synthesized two compounds, 2-(5H-benzo-
[4,5]thieno[3,2-c|carbazol-5-y1)-3,5,6-tri(9H-carbazol-9-yl)tere-
phthalonitrile (BTCz3CzTPN) and 2,5-bis(5H-benzo[4,5]
thieno[3,2-c]carbazol-5-yl)-3,6-di(9H-carbazol-9-yl)terephtha-
lonitrile (2BTCz2CzTPN), adopting terephthalonitrile (TPN)
as a strong acceptor moiety combined with 9H-carbazole (Cz)
and 5H-benzo[4,5]thieno[3,2-c]carbazole (BTCz) donor moieties
to develop orange-red TADF assistant dopants. The number of
BTCz moieties was controlled to manage the RISC rate of the
TADF molecules. It was demonstrated that the introduction of
BTCz instead of Cz accelerated the RISC process and red-
shifted the emission spectrum. In particular, BTCz3CzTPN
proved its potential as an assistant dopant by achieving a
high external quantum efficiency (EQE) of 13.0% compared to
11.3% for the 2,3,5,6-tetra(9H-carbazol-9-yl)terephthalonitrile
(4CZTPN) reference material.>®
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Results and discussion

4CzTPN is a well-known TADF molecule having two para
positioned CN units and four Cz donors around a benzene
core.”®?” The two para positioned CN units induce a deep
LUMO energy level and strong acceptor character for red-
shifted emission, whereas the four donors rendered strong
donor character and a sterically crowded environment to sup-
press Dexter energy transfer (DET) from 4CzTPN to a fluores-
cent emitter in TADF-assisted fluorescent devices. However, the
RISC rate of 4CzTPN is not high enough to manage FRET and
DET to the fluorescent emitter. Therefore, the donor of 4CzTPN
was modified with the BTCz donor with stronger donor proper-
ties than Cz. The introduction of the BTCz donor may intensify
the charge transfer (CT) character, inducing a small AEgr and a
high RISC rate.?®° One or two BTCz donors were employed in
the design of TADF emitters because further replacement of Cz
with the BTCz donor may shift the emission wavelength to the
red emission range, which is not suitable for sensitization of
the red fluorescent emitter.

The synthetic schemes of BTCz3CzTPN and 2BTCz2CzTPN
are shown in Scheme 1 and detailed synthetic procedures are
described in the ESIL{ In all synthetic procedures, cesium
carbonate was used as the base material and dimethylforma-
mide (DMF) as the solvent for nucleophilic substitution.
2BTCz2CzTPN and BTCz3CzTPN were synthesized in good
yields of 90.3% and 87.2%, respectively, without any noticeable
byproducts, thanks to the electron deficiency of the TPN
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Scheme 1 Synthetic schemes of BTCz3CzTPN and 2BTCz2CzTPN.

4822 | J Mater. Chem. C, 2022, 10, 4821-4830

View Article Online

Journal of Materials Chemistry C

moiety. Selective substitution of two and three Cz units was
carried out and then BTCz was reacted with Cz-modified
intermediates to obtain the target compounds. The final products
were purified by sublimation and column chromatography.

The geometry optimization and electronic orbital calcula-
tion in the ground state were studied by Gaussian simulation
using the B3LYP 6-31G basis set. The optimized geometrical
structures and energy details of 4CzTPN, BTCz3CzTPN and
2BTCz2CzTPN are shown in Fig. 1(a), (b) and (c), respectively.
4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN showed a similar
LUMO distribution positioned on the TPN moiety, resulting
in LUMO energy levels of —2.80, —2.83, and —2.87 €V, respectively,
whereas the HOMO distribution of the TADF molecules was
dissimilar. The HOMO of 4CzTPN was evenly dispersed over the
four Cz donors, but those of BTCz3CzTPN and 2BTCz2CzTPN
were localized on the BTCz donor due to the strong donor
character. As a result, BTCz3CzTPN and 2BTCz2CzTPN had the
same shallow HOMO energy level of —5.58 eV compared to
—5.65 eV for 4CzTPN. The simulated HOMO-LUMO gaps of
4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN were 2.85, 2.75 and
2.71 eV, respectively, which can be interpreted that the BTCz
donor decreased the HOMO-LUMO gap.*°

The singlet and triplet energies of 4CzTPN, BTCz3CzTPN
and 2BTCz2CzTPN were governed by the BTCz donor. As shown
in Fig. 1(d), the dihedral angles of BTCz and Cz were similar,
that is, about 65°, indicating that the BTCz donor does not
affect the dihedral angle in the optimized ground state geo-
metry. Therefore, it is expected that CT strength would be
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Fig.1 Optimized ground state HOMO (blue) and LUMO (red) distribution and calculated energy details of (a) 4CzTPN, (b) BTCz3CzTPN and
(c) 2BTCz2CZzTPN. (d) Dihedral angles of the Cz and BTCz moieties in 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN.

significantly dominated by donor strength. The adopted BTCz
donor induced strengthened CT properties, resulting in decreased
singlet and triplet energies. Singlet and triplet energies were
lowered as the BTCz number increased and the calculated singlet/
triplet energies of 4CzZTPN, BTCz3CzTPN and 2BTCz2CzTPN were
2.2448/2.1261 eV, 2.1783/2.0800 eV and 2.1444/2.0500 eV, respec-
tively. The calculated AEgsr values of 4CzTPN, BTCz3CzTPN and
2BTCz2CzTPN were 0.1187, 0.0984 and 0.0944 eV, respectively,
which demonstrates the potential of a high RISC rate in
BTCz3CzTPN and 2BTCz2CzTPN.

The ultraviolet-visible (UV-vis) absorption, fluorescence
and phosphorescence spectra of 4CzTPN, BTCz3CzTPN and
2BTCz2CzTPN were analyzed in tetrahydrofuran and toluene
solutions (1 x 10> M). As shown in Fig. 2, strong absorption
peaks below 400 nm originating from the n-n* transition of the
donor and acceptor structures were observed in the UV-vis
absorption spectra of the three TADF molecules. Additionally,
they showed broad absorption spectra above 400 nm which can
be assigned to CT absorption by the main skeleton. As depicted
in Figure S1, the degree of red shift of the CT absorption
spectra was in the order of 4CzZTPN < BTCz3CzTPN <
2BTCz2CzTPN, confirming that the BTCz donor strengthened
the CT properties.

This journal is © The Royal Society of Chemistry 2022

The singlet and triplet energy values of 4CzTPN, BTCz3CzTPN
and 2BTCz2CzTPN were analyzed from the low temperature
fluorescence (LT FL) and low temperature phosphorescence
(LT PH) spectra. The LT PH spectra were measured after a delay
time of 1 ms to remove the prompt emission component. The
singlet and triplet energy values of 4CzZTPN, BTCz3CzTPN and
2BTCz2CzTPN from the onset wavelengths of LT FL and LT PH
were 2.561/2.519 eV, 2.524/2.488 eV and 2.508/2.479 eV, respec-
tively. The calculated AEgr values of 4CzTPN, BTCz3CzTPN and
2BTCz2CzTPN were 0.042 eV, 0.036 eV and 0.029 eV, respec-
tively. The singlet and triplet energy values decreased in the
order of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN, which was
in good agreement with the calculated data. Since the BTCz
donor possesses stronger donor strength than the Cz donor, the
attached BTCz donor rendered intensified CT properties,
resulting in reduced singlet and triplet energy values.’™*
Moreover, as shown in Fig. 2(d), clearly red-shifted spectra in
the order of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN were
observed. Furthermore, the strengthened CT properties trig-
gered a large HOMO and LUMO separation, decreasing AEgy in
the BTCz-derived TADF compounds.

Photoluminescence quantum yield (PLQY) and transient
PL decay measurements were performed to analyze the TADF

J. Mater. Chem. C, 2022, 10, 4821-4830 | 4823
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Fig. 2 Ultraviolet-visible and photoluminescence (PL) spectra of (a) 4CzTPN, (b) BTCz3CzTPN and (c) 2BTCz2CzTPN. (d) Room temperature

fluorescence (RTFL) of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN.

performance of the three molecules using a 1 wt% emitter-
doped bis[2-(diphenylphosphino)phenyljether oxide (DPEPO)
film. The PLQYs of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN
were 34.1, 27.9 and 25.3% under nitrogen, respectively. The
PLQY was reduced as the number of attached BTCz moieties
increased. This might be caused by the red-shifted emission
spectrum activating non-radiative transition according to the
energy gap law.*>** The transient PL decay curves of 4CzTPN,
BTCz3CzTPN and 2BTCz2CzTPN are shown in Fig. 3. The
prompt lifetimes (7,) and delayed fluorescence lifetimes (zq)
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of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN were 14.5 ns/
5.51 us, 16.4 ns/3.55 ps, and 17.6 ns/2.47 us, respectively.®
The order of 74 of the three TADF molecules matched well with
that of the AEgr value. Therefore, this can be interpreted that
the small AEgr initiated facile triplet to singlet crossover for
up-conversion, resulting in a short t4. Based on the measured
Tpy Td, and PLQY, PL-related rate constants were calculated and
are summarized in Table 1.°°7% The rate constant for RISC
(krisc) increased in the order of 4CzTPN (8.03 x 10° s7') <
BTCz3CzTPN (9.08 x 10° s™') < 2BTCz2CzTPN (10.22 x 10° s ")
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Fig. 3 Transient PL decay curves of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN.
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Table 1 Summary of the photophysical data of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN

HOMO/LUMO [eV] Singlet energy”/triplet energy” [eV]

AEsr [eV] PLQY? [%] t,° [ns] ta° [ps] kmisc [X10° s7'] ko [x10° 577

4CzTPN —6.36/—3.95 2.561/2.519
Btcz3CzTPN  —6.30/—3.91 2.524/2.488
2Btcz2CzTPN —6.25/—3.90 2.508/2.479

0.042 34.1° 14.5  5.51 8.03 1.28
0.036 27.9” 16.4  3.55 9.08 2.18
0.029 25.3° 17.6 2.47 10.22 3.27

“ Measured in 10~ M toluene solution. Onset energy parameter of the PL spectrum. ° Measured using a 1 wt% doped DPEPO film with TADF
under nitrogen. ¢ Measured using a 1 wt% doped DPEPO film with TADF.

due to the shortened t4. However, the red-shifted emission spectra
of BTCz3CzTPN and 2BTCz2CzTPN resulted in increased non-
radiative rate constants (k) of 2.18 x 10°> s~ and 3.27 x 10° s,
respectively, by the energy gap law. The prompt (k,), delayed (kq),
intersystem crossing (kisc), and radiative transition (k) rate
constants are given in Table S1 (ESIt).

The electrochemical properties were examined by cyclic
voltammetry measurements. The scanned data of oxidation
and reduction are shown in Fig. S2 (ESIt). The LUMO energy
levels of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN were
—3.95 eV, —3.91 eV and —3.90 eV, respectively. The similar
LUMO energy levels of the three TADF molecules were derived
from the same electron acceptor moiety. However, the HOMO
energy levels of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN were
—6.36 €V, —6.30 eV and —6.25 eV, respectively. The HOMO
energy levels became shallow sequentially as the strong BTCz
donor was introduced.

(a)
100
- —8—4CZTPN [1%)
Q) —e—BTC3CzTPN [1%]
< —&— 2Btcz2C2TPN [1%)
>
1)
c
9
02
= 10E
()
E
<
=
c
©
S
(¢}
1 0 : 1 : 2 . 3 ’ 4
10 10 10 10 10
5 2
Luminance (cd/m°)
(c)
4CzTPN [1%)
——BTCz3C2TPN [1%)]
- ——2BTC22CZTPN [1%)
-
=
=
e}
P
©
N
2
0
=
[
+—
=

380 480 580 680 780
Wavelength (nm)

Device fabrication and electroluminescence properties

Based on the photophysical properties and energy levels of the
three TADF molecules, EL properties were evaluated by fabri-
cating OLEDs. The energy level details of the devices are shown
in Fig. S3 (ESIT). TADF molecules were doped in 2-phenyl-4,6-
bis(12-phenylindolo[2,3-a]carbazole-11-y1)-1,3,5-triazine (PBICT)
and 4-(3-(triphenylen-2-yl)phenyl)dibenzo[b,d|thiophene (DBTTP1)
hosts at 1 wt% and 10 wt% doping concentrations.’*™*' The
specific chemical structures of each layer are also depicted in
Fig. S3 (ESIf). The EQE-luminance curves and EL spectra of the
1 wt% and 10 wt% emitter-doped devices are shown in Fig. 4. The
current density-voltage-luminance data are shown in Fig. S4
(ESIT) and the summarized device data in Table 2.

The maximum EQEs of the 4CzTPN, BTCz3CzTPN and
2BTCz2CzTPN devices at a 1/10 wt% doping concentration were
17.2/10.4, 13.9/7.6 and 10.5/5.0%, respectively, which were in
good agreement with the PLQY values. The maximum EQEs at a
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Fig. 4 Quantum efficiency—luminance plots of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN at (a) 1 wt’% and (b) 10 wt%. EL spectra of 4CzTPN,

BTCz3CzTPN and 2BTCz2CzTPN devices at (c) 1 wt% and (d) 10 wt%.
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Table 2 EL parameters of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN at 1 wt%, and 10 wt% and TADF : DBP [10: 0.5 wt%] devices

/g1 [nm] CEpax [cd A7) PEqmax [Im W] QE™ [%)] Joow [MA cm™?] CIE (x,y)
4CZTPN [1 wt%)] 548 60.2 41.2 14.3%17.2° 4.5 (0.42, 0.56)
4CZTPN [10 wt%)] 561 32.5 22.7 8.0/10.4” 4.4 (0.47, 0.52)
4CzTPN:DBP [10:0.5 wt%)] 614 14.1 9.8 4.111.3" 0.1 (0.60, 0.40)
BTCz3CzTPN [1 wt%)] 557 44.7 28.5 11.1%13.9° 5.2 (0.45, 0.53)
BTCz3CzTPN [10 wt%)] 571 21.4 14.2 5.997.6 6.8 (0.50, 0.49)
BTCz3CzTPN : DBP [10: 0.5 wt%] 614 17.0 10.0 4.6%/13.0° 0.1 (0.60, 0.40)
2BTCz2CzTPN [1 wt%] 567 31.1 20.1 8.5%/10.5” 7.2 (0.48, 0.50)
2BTCz2CzTPN [10 wt%)] 581 12.1 7.7 3.7%5.0° 8.2 (0.53, 0.46)
2BTCz2CzTPN : DBP [10: 0.5 wt%)] 614 12.7 8.0 3.8%10.2° 0.1 (0.62, 0.38)
“ Measured at 5000 cd m~2 ? Maximum value.
10 wt% doping concentration were decreased compared to g
N
those at a 1 wt% doping concentration due to a serious <
. X 2.1 PBICT:DBTTP1: :DBP (30) a
concentration quenching effect by the donor-acceptor 2.482:36 - i
. | 7 £
structure.*” The replacement of the Cz donor with the BTCz » &
. = 314318 29
donor reduced the EQE following the trend of PLQY measure- g EL =
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. . o . . = ] 1 ! -
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: 591 i g
TADF molecules, 2BTCz2CzTPN showed the highest Jo44, value, @ j 6.1
6.71

indicating that the BTCz donor suppresses exciton quenching
at a high current density due to its highest RISC rate.*’ The EL
spectra of the TADF materials were red-shifted in the order of
2BTCz2CzTPN > BTCz3CzTPN > 4CzTPN by the strong BTCz
donor strengthening the CT character. The peak wavelengths of
the 2BTCz2CzTPN, BTCz3CzTPN, and 4CzTPN devices at a
1 wt% doping concentration were 567, 557, and 548 nm,
respectively, offering color coordinates of (0.48, 0.50), (0.45,
0.53) and (0.42, 0.56). The EL spectra of BTCz3CzTPN and
2BTCz2CzTPN displayed shoulder peaks at around 480 nm at
a 1 wt% doping concentration due to incomplete energy
transfer from PBICT to the TADF materials as confirmed by
the PBICT emission spectrum in Fig. S5 (ESIt). The PBICT
emission was absent at a 10 wt% doping concentration owing
to the complete energy transfer from the PBICT host material.
At a 10 wt% doping concentration, the three TADF materials
showed broad CT emission spectra. Full width at half maxi-
mum (FWHM) values slightly increased as the strength of CT
increased (2BTCz2CzTPN (93 nm) > BTCz3CzTPN (90 nm) >
4CzTPN (84 nm)) due to strong intermolecular interactions.

The three TADF compounds were evaluated as assistant
dopants of the TADF-assisted fluorescent devices doped with
a 5,10,15,20-tetraphenylbisbenz[5,6]indeno[1,2,3-cd:1’,2',3’-im]-
perylene (DBP) fluorescent emitter.'>** The energy level dia-
gram of the devices is shown in Fig. 5 and the current density-
voltage-luminance data are shown in Fig. S6 (ESIt).

The DBP fluorescent emitter was doped at a concentration
of 0.5 wt% to minimize direct charge trapping and the TADF
assistant dopants were added at a doping concentration of 10
wt%. The TADF-assisted DBP device based on BTCz3CzTPN
showed the highest maximum EQE of 13.0%. Although the EQE
of the BTCz3CzTPN TADF device was lower than that of the
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Fig. 5 Energy level diagram of the TADF-assisted hyperfluorescent
devices.

4CzTPN device, that of the TADF-assisted fluorescent device
was high in the BTCz3CzTPN device. It seems that the improved
EQE of the BTCz3CzTPN device was achieved by efficient FRET
and suppressed DET from the assistant dopant to DBP.*>*°
4CzTPN may show efficient FRET due to its high PLQY, but the
serious DET can be attributed to the low kgige, Whereas
2BTCz2CzTPN may exhibit poor FRET and suppressed DET
due to a low PLQY and a high kg;sc. In the case of BTCz3CzTPN,
it allows efficient FRET and suppressed DET at the same time.
However, among the three hyperfluorescent devices, the
BTCz3CzTPN-based hyperfluorescent device showed serious
efficiency roll-off. This might be due to the carrier imbalance
at a high current density. The bulkiness of the BTCz donor
moiety induced a high carrier hopping barrier for electrons,
triggering a poor charge balance at a high current density.
However, 2BTCz2CzTPN showed low efficiency roll-off possibly
due to compensation for the charge balance with a high RISC
rate. The EL spectra of the devices are shown in Fig. 6(b). The
main emission of the devices originated from DBP, but weak
TADF emission was also detected. The intensity of the TADF
emission was relatively weak in 2BTCz2CzTPN. The color
coordinates of the DBP devices with 2BTCz2CzTPN, BTCz3CzTPN,
and 4CzTPN assistant dopants were (0.62, 0.38), (0.60, 0.40) and
(0.60, 0.40), respectively.

Time-resolved  electroluminescence (TREL) of the
BTCz3CzTPN-based TADF device and hyperfluorescent device
was measured and is depicted in Fig. S7 (ESI{). In the

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a) Quantum efficiency—luminance plots and (b) EL spectra of TADF-assisted DBP devices.

hyperfluorescent device, a short exciton lifetime was observed
compared to the TADF device. The EL-generated excitons in
TADF were transferred to the DBP fluorescent emitter via FRET
and DET in the hyperfluorescent device, resulting in faster
decay of excitons.

Energy transfer analysis

In the light emission process of the TADF-assisted fluorescence,
triplet exciton formation by DET or direct charge trapping in
fluorescent emitters should be avoided for achieving high EQEs
because the triplet excitons are wasted in the fluorescent

emitters. Therefore, the FRET process should occur actively
while suppressing DET. To understand the EQE differences of
the 4CzTPN-, BTCz3CzTPN- and 2BTCz2CzTPN-assisted DBP
devices, exciton dynamics in the emitting layer were studied by
calculating the FRET radius (R,) and measuring the PL decay
curves of the PBICT:DBTTP1:10 wt% assistant dopant:0.5 wt%
DBP films and PBICT:DBTTP1:10 wt% assistant dopant films.*”
The emission spectra and absorption spectra of the materials
are shown in Fig. 7(a) to confirm the overlap between the
emission spectra of the TADF assistant dopants and the
absorption spectra of DBP. The PL spectra of the assistant
dopant and DBP co-doped films are presented in Fig. 7(b).
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Fig. 7 (a) EL emission spectra of the assistant dopant at 10 wt% and UV-vis absorption spectra of DBP. (b) PL emission spectra of 10 wt% assistant dopant
and 0.5 wt% DBP co-doped films. (c) Ro and J values of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN.
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In general, the rate constant of FRET (kgrer) can be
expressed by eqn (1):

kFRET =

P oK (9000(In 10)\ [* . .
3 o v JO Fo(R)ea(A)i4di (1)

where &, stands for the PLQY of the assistant dopant; x” is the
configuration factor which has a value of 2/3 for random
distribution of the assistant dopant and fluorescent emitter;
R is the intermolecular distance between the assistant dopant
and fluorescent emitter; N, stands for Avogadro’s number; 7 is
the refractive index of the medium which has a value of 1.7 for
most organic materials; Fp(4) is the emission spectrum of the
assistant dopant; ,(4) is the molar absorption coefficient of
the fluorescent emitter; and [ Fp(4)ea(4)A*dZ stands for the
spectral overlap.

Considering the variables of eqn (1), eqn (1) clearly states
that a high PLQY of the assistant dopant and a large spectral
overlap between the assistant dopant and fluorescent emitter
lead to a high kgrer- The spectral overlap integrals (J) of
the DBP co-doped 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN
emitting layer films were 4.97 x 10'%, 4.62 x 10'°, and 4.19 x
10" mol ! dm® em ™' nm*, respectively.’” The red shift of the
emission spectra of BTCz3CzTPN and 2BTCz2CzTPN compared
to that of 4CzTPN resulted in a slight decrease in the J value.
Based on the J values, the R, values were calculated using
eqn (S1) and the calculated R, values of BTCz3CzTPN
(4.41 nm) and 2BTCz2CzTPN (4.21 nm) were smaller than that
of 4CzTPN (4.78 nm) due to the low PLQY and J values. It can
be predicted from this result that the BTCz substitution
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deteriorates the FRET between the assistant dopant and fluor-
escent emitter. The J and R, values are summarized in Fig. 7(c).

Transient PL decay analysis of the assistant dopant and DBP
co-doped films was carried out to analyze the energy transfer
rate between the assistant dopant and DBP. The transient PL
decay curves of prompt and delayed fluorescence are shown in
Fig. 8(a and b), respectively. The rate constant for prompt
fluorescence (k) of the assistant dopant itself is a combination
of the rate constants of radiative decay and intersystem cross-
ing. However, implementation of the DBP fluorescent emitter
induced additional FRET paths from the assistant dopant to
the fluorescent emitter, resulting in a higher k;, as proven by the
fast decay in all films. Moreover, as shown in Fig. 8(b), it can be
easily noticed that the rate constant for delayed fluorescence
(kq) was also significantly increased by DBP due to reduced
intersystem crossing probability and fast up-conversion by
FRET. Based on the PL decay curves, the DET rate constant
(kper) and kgrer of the assistant dopant and DBP co-doped
films were calculated using eqn (2) and (3) by assuming that
kp » kq and k;g, kisc, kerer > knrs, ke kpers here k. g is the
singlet radiative rate constant, ks is the singlet nonradiative

rate constant and k, r is the triplet radiative rate constant.*%™>°
kerer X kp — ks — kisc (2)
kpka — krisc (krs + kerer
p T,
kpET = ( ) — korT (3)

krs + kisc + kereT
The calculated kprer and kpgr values are depicted in Fig. 8(c).

The order of the calculated kpgrpr values was 4CzTPN (3.08 x
10”7 s7') > BTCz3CzZTPN (1.22 x 10" s~') > 2BTCz2CzZTPN

(b)
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—— BTC23CZTPN : DBP [10:0.5%]
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Normalized intensity
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Fig. 8 Transient PL decay curves of (a) prompt and (b) delayed fluorescence. (c) kerer and kpet trends of 4CzTPN, BTCz3CzTPN and 2BTCz2CzTPN.
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Fig. 9 Triplet spin density distribution (TSDD) simulation of (a) 4CzTPN, (b) BTCz3CzTPN and (c) 2BTCz2CzTPN.

(4.96 x 10° s~ 1), which agreed well with the R, values. The kpgr
also followed the same trend of 4CZTPN (7.41 x 10* s7') >
BTCz3CzTPN (5.06 x 10* s™') > 2BTCz2CzTPN (4.89 x 10*s™1).
The trend of kpgr indicates that the high kgysc of the assistant
dopant efficiently suppressed DET. In spite of the relatively low
kereT, @ low kpgr managed the non-radiative loss mechanism
and enhanced the EQE of the BTCz3CzTPN-assisted DBP
device. Therefore, the BTCz donor was effective in improving
the EQE by controlling the energy transfer mechanism between
the assistant dopant and fluorescent emitter.

In addition, to analyze the influence of donor bulkiness in
DET, triplet spin density distribution (TSDD) was calculated using
the Gaussian 16 and Schrodinger 2019-1 programs. As shown in
Fig. 9, all three molecules had main triplet spin density in the TPN
acceptor moieties. Therefore, it is expected that the bulkiness of
the BTCz donor moiety increases the length between neighboring
molecules decreasing the possibility of DET.

Conclusion

BTCz3CzTPN was designed to have a perfect-fit performance as
an assistant dopant by introducing and managing the BTCz
donor moiety. BTCz3CzTPN demonstrated a high RISC rate and
a moderate PLQY as an assistant dopant in TADF assisted
fluorescent devices, resulting in suppression of DET without
significant reduction of FRET compared to the well-known
4CzTPN. BTCz3CzTPN showed enhanced device performance
having an EQE of 13.0% compared to 11.3% for the 4CzTPN
device in the TADF assisted fluorescent devices. Therefore, the
design route employing the BTCz donor in the assistant dopant
is effective in improving the EQE of the TADF-assisted fluor-
escent devices.

Experimental

The specified device structure for analyzing the TADF device
performance is indium tin oxide (ITO) (50 nm)/N4,N4'-bis[4-
[bis(3-methylphenyl)amino]phenyl]-N4,N4'-diphenyl-[1,1'-bi-
phenyl]-4,4’-diamine (DNTPD) (60 nm)/N-([1,1’-biphenyl]-4-
y1)-9,9-dimethyl-N-(4-(9-phenyl-9H-carbazol-3-yl)-phenyl)-9H-
fluoren-2-amine (BCFN) (20 nm)/9,9-dimethyl-10-(9-phenyl-9H-
carbazol-2-y1)-9,10-dihydro-acridine (PCzAc) (10 nm)/2-phenyl-
4,6-bis(12-phenylindolo[2,3-a]carbazole-11-yl)-1,3,5-triazine

This journal is © The Royal Society of Chemistry 2022

(PBICT):4-(3-(triphenylen-2-yl)phenyl)dibenzo[b,d]thiophene
(DBTTP1):emitting materials (30 nm)/2,8-bis(4,6-diphenyl-
1,3,5-triazin-2-yl)dibenzo-[b,d|furan (DBFTrz) (5 nm)/2-[4-
(9,10-di-naphthalen-2-yl-anthracen-2-yl)-phenyl]-1-phenyl-1H-
benzoimidazole (ZADN) (30 nm)/LiF (1.5 nm)/Al (200 nm)."***
The DNTPD, BCFN, and PCzAc materials were deposited for
hole injection, hole transport and electron blocking. Furthermore,
ZADN and DBFTrz were deposited for electron transport and hole
confinement. The emitting materials were the 1 or 10 wt% TADF
emitter in the TADF devices and 10 wt% TADF assistant
dopant:0.5 wt% DBP co-doped materials in the TADF-assisted
fluorescent devices. The evaluation of the devices followed the
method reported in previous work.
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