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Equilibrating the critical parameters associated with the thermally
activated delayed fluorescence process proposes the prerequisite for
realizing high performance electroluminescence devices. Herein, pre-
cise manipulations relying on the model near-infrared emitter are
successfully demonstrated, affording improved maximum external
quantum efficiencies of 18.9% (@630 nm) and 12.6% (@680 nm).

Effective utilization of the triplet excitons in organic light-
emitting diodes (OLEDs) is one of the fundamental issues to
adapt to the commercial requirements of high device perfor-
mances and durability®? since the radiative transition from
triplet to ground states (So) in purely organic emitters is
typically spin-forbidden and excess triplet excitons are the
prime factor for efficiency roll-offs as well.>”” Recycling the
dark-state triplet excitons into spin-allowed singlet excitons via
the thermally activated reverse intersystem crossing (RISC)
channel (i.e., thermally activated delayed fluorescence mecha-
nism, TADF) can fully realize the potential of organic emitters
in OLEDs.®*'° To pursue a high RISC rate constant (kgisc), a
small singlet-triplet energy gap (AEsr) between the lowest
singlet state (S;) and triplet state (T;) is one of the basic
principles.'' However, a small AEgy requires highly separated
frontier orbitals between the highest occupied molecular orbi-
tals (HOMOs) and the lowest unoccupied molecular orbitals
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(LUMOs), which will inevitably bring about inefficient spin-
orbit coupling (SOC) between the relevant excited states and
small S; — S, transition dipole moments (|fis, s,|)
synchronously."" ™ Undoubtedly, an adequate balance among
these key parameters (e.g., krisc, AEst, and SOC values) that are
associated with the TADF process proposes a reliable hypoth-
esis to obtain desirable TADF emitters with high luminous
efficiency, yet tremendous challenges to thoroughly equilibrate
these parameters are still remaining.”*™® In particular, the
trade-off relationships are more complicated in the long wave-
length emission region due to the energy gap law;'”*° that is,
the vibrational relaxation of non-radiative transition from
electronically excited S; or T; to the zeroth vibration level of
the S, state is remarkably accelerated along with the narrowing
of emission gaps.”*>?

The development of red/near-infrared (NIR) TADF materials
is urgently needed, arising from the wide application prospects
in OLEDs, night-vision displays, bioimaging, phototherapy,
telecommunications, etc.”>>” To date, multiple seminal works
and new perspectives have been proposed to overcome the
interference of key parameters in red/NIR-TADF emitters,® >
including the incorporation of the non-adiabatic coupling
effect,’>** multi-resonance skeletons with shallow potential
energy surfaces,” intramolecular hydrogen-bonding,*® regula-
tion of the locally excited and charge-transfer (CT) triplet state,
etc.™*® In view of the decisive role of energy gap law for red/NIR
emitters, radiative decay rate (k.s) of S; is the primary
concern.””*® Within the typical donor-acceptor (D-A) type
red/NIR TADF molecules, the triarylamine derivatives compris-
ing free rotation phenyl groups commonly serve as the D
component to endow them with low reorganization energy
and high luminous efficiency.>*™** For example, Qiao et al.
demonstrated a high photoluminescence quantum yield (®py)
of 97.4% (dpTPAAP) with an emission peak at 624 nm,** Xu and
co-workers showed an excellent ®@p;, of 90% (pCNQ-TPA) with
an emission peak even at 691 nm,** and Ma et al. revealed a
very high oscillator strength (f) of 0.72 (DTPS-PT) for the
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Fig. 1 (a) Schematic diagram of the fine-tuning strategy and the calculated TADF parameters of dbfTPAAP, dpnTPAAP and dpTPAAP. (b) Optimized
geometrical structures of the investigated molecules at ground states, and (c) natural transition orbital analysis for Sg — S; excitations.

So — S, excitations,*® while the drawbacks are a relatively large
AEsr and low kgrisc resulting in an inferior device
efficiency.*®*® With this in mind, precisely regulating the TADF
parameters of triarylamine derivative based D-A type red/NIR
emitters may offer a reliable means to further improve their
electroluminescence (EL) performances.

To highlight the fine-tuning strategy, two new triarylamine based
D adopted with acenaphtho[1,2-b]pyrazine-8,9-dicarbonitrile A,
namely, dbfTPAAP and dpnTPAAP were elaborately designed and
synthesized (Fig. 1a). In comparison with the previously reported
dpTPAAP,* the altering of peripheral phenyl to benzofuryl on
dbfTPAAP will be expected to extend their HOMO extension and
afford enhanced intermolecular CT features, while the introduced
naphthyl on dpnTPAAP will appropriately restrict the rotatable of
n-bridge and output a smaller AEgr and a higher kg;sc. Theoretical
calculations fully confirm that both dbfTPAAP and dpnTPAAP
demonstrate more balanced parameters than the reference
dpTPAAP, ie., a small AEgr, a high f and SOC value, which will
facilitate a higher @p;, and exciton utilization. As expected, both
dbfTPAAP and dpnTPAAP show bright pure red emission
(~620 nm) in dilute toluene, along with an improved ®p;, of 81%
and 86% for dbfTPAAP and dpnTPAAP (3 wt% in 5-(3-(4,6-diphenyl-
1,3,5-triazin-2-yl)phenyl)-7,7-dimethyl-5,7-dihydroindeno[2,1-b]-
carbazole, DMIC-TRz matrix),"® respectively. According to the
transient photoluminescence (PL) decay curves, compared to the
primary dpTPAAP, the kgisc/kisc, and k. ¢/nonradiative decay rate
(kar,s) values are enhanced 22% and 45% for dbfTPAAP and 78%
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and 163% for dpnTPAAP, respectively, which implies a reinforced
ability to harvest triplet excitons. EL devices employing them as red/
NIR emitters were fabricated; compared to the 15.1% (@630 nm)
maximum external quantum efficiency (EQE,.,) and turn-on vol-
tage (Von) of 2.4 V for the reference dpTPAAP, the EQE,.x and Vo,
were remarkably improved to 18.1% (@632 nm)/2.3 V, and 18.9%
(@630 nm)/2.3 V for dbfTPAAP and dpnTPAAP, respectively. In
addition, even at a high doping concentration of 20 wt%, a high
EQEax Of 12.6% (@680 nm) can be achieved by dpnTPAAP due to
the balanced TADF parameters.

Initially, density functional theory (DFT) calculations using
the Gaussian 16 program package at the B3LYP(D3BJ)/Def2-SVP
level were performed.®® As expected, all these three investigated
TADF molecules show spatially separated HOMO and LUMO
and resulting typical CT attribute of the S; (Fig. 1c). With the
introduction of benzofuryl, the HOMO distribution of
dbfTPAAP was obviously extended to the periphery of the D
moiety, affording a 0.07 eV rise of the HOMO level and equally
narrowing of AEsy (Fig. 1a and Fig. S26, ESIt), which were
beneficial for the RISC process and broadened intermolecular
CT interactions. Meanwhile, the calculated SOC values of
dbfTPAAP between the excited S; and Ty (Si|Hsoc|Ty)
(0.256 cm™") or S; and T, (S;|Hsoc|T2) (0.200 cm™*) as well as
the dihedral angle (48.4°) between the D and A segments
(Fig. 1b), and f values (0.233) for S, — S; excitations (Fig. 1c)
were comparable to those of the reference dpTPAAP. In stark
contrast, the parameters relevant to the TADF path were

This journal is © The Royal Society of Chemistry 2022
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remarkably changed with the altering of the =n-bridge to
naphthyl, i.e., a smaller AEg; (0.10 eV), a higher T, level (°CT
1.87 eV), a larger dihedral angle (63.2°) but depressed SOC and f
values (Fig. 1). To further investigate the impact on fluores-
cence efficiency along with the fine-tuning of TADF parameters,
the Huang-Rhys factors (HRFs) at different vibration modes (v)
were calculated using MOMAP in the DUSHIN module.>'™* As
revealed in Fig. 2a, the dominated HRFs of S; — S, on
dpTPAAP involve both low-frequency twisting vibration modes
(v =11.5 em™ ") and high-frequency stretching vibrations that
are associated with the fluctuations of bond length within
different segments (e.g.,, v = 581.4, 687.3 and 789.5 cm ').
Obviously, the introduction of the large steric hindrance
naphthyl n-bridge can significantly restrain both the high-
and low-frequency vibrations (Fig. 2b), and therefore the non-
radiative energy consumptions of S; can be substantially
suppressed,’ while for dbfTPAAP, an additional swing vibra-
tion model (v = 51.4 cm™ ") on the peripheral benzofuryl can be
observed instead (Fig. 2c), indicating a negative effect to
restrain the k¢ from this point of view.

The synthetic routes to dbfTPAAP and dpnTPAAP are described
in Scheme S1 (ESIf), and dpTPAAP was prepared according
to a previous document.®® The key intermediates of 5-(4-(bis(4-
(benzofuran-2-yl)phenyl)amino)phenyl)acenaphthylene-1,2-dione (A3)
and  5-(5{(di([1,1"-biphenyl]-4-yl)Jamino)naphthalen-1-yljacenaphth-
ylene-1,2-dione (B3) were synthesized by using a modified Suzuki-
Miyaura cross-coupling reaction with a considerable yield of 76% and
56%, respectively. Thereafter, the acid catalyzed cyclization between
the A3/B3 and 2,3-diaminomaleonitrile yielded the target compounds
of dbfTPAAP and dpnTPAAP with good yields of 67% and 58%,
respectively. The chemical structures of dbfTPAAP and dpnTPAAP
were thoroughly characterized with '"H NMR, *C NMR, and high
resolution mass spectrometry (HRMS, APCI) (Fig. S1-S25, ESIt). All
these compounds display favorable thermal stability with high
decomposition temperatures (Ty, identified with 5% weight loss) of
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Fig. 2 The HRFs versus frequencies, and the relatively characteristic
vibration modes for S; — Sq transition of (a) dpTPAAP, (b) dpnTPAAP and
(c) dbfTPAAP.
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489 °C (dbfTPAAP), 425 °C (dpnTPAAP) and 440 °C (dpTPAAP)
according to the thermogravimetric analysis (Fig. S27, ESIt). Com-
pared to the dpTPAAP (128 °C), the glass transition temperature (7y)
of dpnTPAAP was elevated to 184 °C, implying a more rigid structure
conformation of the latter than the former (Fig. S28, ESIt). The
experimental value of HOMO/LUMO levels was estimated from their
onset potential of cyclic voltammetry curves (Fig. S29, ESIf and
Table 1), ie., —5.15 eV/—3.47 eV for dbfTPAAP, —5.21 €V/—3.47 eV
for dpnTPAAP and —5.19 €V/—3.46 €V for dpTPAAP, which were in
line with the general trend of DFT results.

Fig. 3 demonstrates the single-crystal structure of the
dbfTPAAP and corresponding packing patterns. The dihedral
angle between the D and A moieties is 41.15°, in accord with the
DFT results (Fig. 3a), but distinct results can be observed
between the triphenylamine fragment and the peripheral ben-
zofuryls, which can be understood in terms of the differentiated
intermolecular interactions. As displayed in Fig. 3b, the mea-
sured m-n distance between the A plane and one of the
benzofuryl substituted triphenylamine legs is as small as
3.30 A, implying strong intermolecular CT interactions between
the aforementioned two planes. In addition, the measured
C-H---N distance between the cyano group of A and the
benzofuryl of the other triphenylamine legs is as short as
2.64 A, which is within the coverage of the hydrogen bond.
Therefore, such staggered intermolecular interactions among
different monomers offer an enhanced CT feature within the
P21/n space groups (Fig. 3c).

The photophysical properties of these emitters both in
dilute toluene and film states were investigated and the results
are shown in Fig. 4 and Table 1. As revealed in Fig. 4a, all the
three emitters demonstrate two distinct absorption bands, i.e.,
an intense high energy absorption band ranging from 300 to
400 nm assigned to the composition of n-n* and n-n* transi-
tions of the D and A moieties, while the low energy absorption
band at around 500 nm belongs to the typical intramolecular
CT transitions from the D to the A segments Accordingly, an
obvious redshift can be observed on these fluorescence emis-
sion spectra with the increase of solvent polarity (Fig. S30,
ESIt), agreeing with the typical intermolecular CT transition
feature. Compared to the dpTPAAP, the emission peaks of
dbfTPAAP and dpnTPAAP in toluene were slightly red-shifted
to 616 and 625 nm, respectively. All the three emitters demon-
strate remarkably shifted emission peaks in neat films extend-
ing to the NIR region, but the peaks of both dbfTPAAP and
dpTPAAP were larger than that of the dpnTPAAP due to the
contribution of intermolecular CT transitions (inset of Fig. 4c).
Steady state PL spectra of the doped films were collected in the
DMIC-TRz matrix, and feedback deep-red emission of
~650 nm at 3 wt%, NIR emission of ~671 nm at 20 wt%
(Fig. 4b).

To further investigate their TADF behaviors along with the
fine-tuning of molecular parameters, transient PL decay curves
of these emitters both in neat and doped films were measured.
In comparison with the neat samples (Fig. 4c), all the three red/
NIR TADF emitters distinctly exhibited a second-order expo-
nential PL decay, consisting of a prompt component and a
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Table 1 Photophysical and electrochemical properties of the three emitters

/labsa ;LPLa EHOMOb/ S1/T1E AESTd (DPLE X ‘pdf Tpg ng kr,sh knr,sh klsci kRISCi
Emitter [nm] [nm] Epumo’[eV]  [eV] [eV] [%] @7 [%] [%] [ns] [us] [107s'] [10°s'] [107s7'] [10%s7"]
dbfTPAAP 500 616 —5.19/-3.46  2.26/2.16 0.10 81 49 32 20.6 48.7 1.9 4.5 2.5 2.6
dpnTPAAP 486 625 —5.21/-3.47 2.27/2.23 0.04 86 64 22 34.3 511 1.6 2.6 1.0 1.9
dpTPAAP 501 611 —5.15/-3.47 2.26/2.12 0.14 78 47 31 21.2 67.5 1.7 4.9 2.5 1.8

4 Measured in 1 x 10~* mol L™" toluene solutions.  Calculated from the onset potential of cyclic voltammetry curves in the oxidation or reduction

process. © Estimated from the onset of the fluorescence and phosphorescence spectra at 77 K, respectively. 4 AEgr =8, —

T,. ¢ Total ®py, (3 Wt%

doped in DMIC-TRz)./ &, contributions of the prompt component (p) and delayed (d) component, respectively. ¢ The PL lifetimes of prompt ()
and delayed (z4) decay components measured in 3 wt% doped DMIC-TRz film under an argon atmosphere. " Calculated &, ; and ky ; values from S

to So. ' Calculated ISC (kisc) and RISC (krisc) rate constants.

Fig. 3 (a) Single-crystal structure of the dbfTPAAP with solvent molecules
omitted, (b) packing patterns in one space unit and (c) highlighted with two
different colors.

delayed component (Fig. 4d). The fitted lifetimes (at 298 K) of
the prompt (z,) and delayed (z4) components are 20.6 ns and
48.7 ps for dbfTPAAP, 34.3 ns and 51.1 ps for dpnTPAAP, and
21.2 ns and 67.5 ps for dpTPAAP, respectively (Fig. 3d and
Fig. S32, ESI{). As expected, the delayed fluorescence compo-
nents of all the three samples were enhanced distinctly with the
temperature increase from 77 K to 298 K (Fig. 4d), conforming
to the typical TADF behaviors.*® Obviously, both the extension
of HOMO delocalization and narrowing of the AEgsy value of the
triphenylamine-based TADF molecules are beneficial for
decreasing their 74 values and therefore avoiding undesired
quenching of triplet excitons in OLEDs. The ®p;, of 3 wt%
doped DMIC-TRz was collected as well, and slightly enhanced
&py, of 81% (dbfTPAAP) and 86% (dpnTPAAP) in contrast to the
78% (dpTPAAP) were obtained. According to the proportion of
@pr, in prompt (P,) or delayed fluorescence (&g4), the kisc
and kgsc of the three samples were estimated. Compared to
the dpTPAAP, the kgisc and kgrisc/kisc values of both dbfTPAAP
and dpnTPAAP were remarkably optimized. In addition, the k.
and k, ¢k, s values are improved synchronously (Table 1),
indicating a successful strategy via parameter optimization as
well as preferable potential to adapt to the application
in OLEDs.

To evaluate the EL properties of these red/NIR TADF emit-

ters, vacuum evaporated multilayer OLEDs with the

17062 | J Mater. Chem. C, 2022, 10, 17059-17065

configuration of “ITO/HATCN (5 nm)/TAPC (30 nm)/TCTA
(15 nm)/mCBP (10 nm)/EMLs (30 nm)/POT2T (20 nm)/ANT-BIZ
(30 nm)/Liq (2 nm)/Al (100 nm)” were fabricated (Fig. 5a). Herein,
the dipyrazino[2,3-f:2,3-h]quinoxaline-2,3,6,7,10,11-hexacarbo-
nitrile (HATCN) with a deep LUMO level was incorporated as the
hole injection layer, the 4,4’,4"-tris(carbazol-9-yl)triphenyl-amine
(TCTA) and 1,1-bis((di-4-tolylamino)phenyl)-cyclohexane (TAPC)
were employed as hole-transporting layers, and 1-(4(10-([1,1"-
biphenyl]-4-yl)Janthracen-9-yl)phenyl)-2-ethyl-1H-benzo[d]imidazole
(ANT-BIZ) was used as the electron-transporting layer. The 3,3-di(9H-
carbazol-9-yl)biphenyl (mCBP) and (1,3,5-triazine-2,4,6-triyl)tris-
(benzene-3,1-diyl)tris(diphenylphosphineoxide) (POT2T) were
introduced as electron/hole blocking layers, respectively (Fig. 5b).
The EMLSs were composed of 3 wt% dbfTPAAP, 3 wt% dpnTPAAP, 3
wt% dpTPAAP or 20 wt% dpnTPAAP in the DMIC-TRz matrix,
denoted as devices A, B, C and D respectively.

As revealed in Table 2, devices A-C with the same low dopant
concentrations (3 wt% in DMIC-TRz) all display pure red-
emission (EL peaks ~630 nm). Among the three devices, owing
to the more balanced TADF parameters of the dbfTPAAP and
dpnTPAAP than the dpTPAAP, the CEax, PEmax, and EQE . of
devices A and B are obviously improved in contrat to the device
C, which comforms to the higher key TADF parameters (kgsc,
krisclkiscy ke sy ke ,s/knr,s and @pp) of the former two than the latter
one. The optimal device performance was obtained by device B
(dpnTPAAP) with an EQEa, of 18.9%, a CEqqay of 21.6 ¢cd A"
and a PE,,, of 28.2 Im W', which represented a 25%, 37% and
36% improvement accordingly with reference to the device C
(dpTPAAP). Moreover, slightly decreased V,, (0.1 V) of the
devices A and B compared to the C can be observed as well
(Fig. 5¢), which may originate from the better matched energy
levels or more balanced hole/electron transport of the
dbfTPAAP and dpnTPAAP than the primary dpTPAAP. With
the increase of loading of dpnTPAAP (20 wt% in DMIC-TRz,
device D), the ELpcak significantly shifted to the deep-red region
(680 nm), and a considerably high EQE.x of 12.6% can be
maintained as well (Fig. 5d). Notably, all these devices demon-
strate obvious efficiency roll-off at high brightness (Table 2),
which can be ascribed to the typical triplet-triplet annihilation
mechanism.*® In addition, non-doped devices by employing the
two new emitters were fabricated as well, and the emission
peaks were successfully extended to the NIR region (~ 780 nm)
together with a considerable EQE,,, of around 1% (Fig. S33,
ESIt).

This journal is © The Royal Society of Chemistry 2022
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Table 2 EL performances of these involved devices

Von' Lmax’  CEmax’  PEma  EQE® ELpeal
Devices [V] [edm™?] [cdA™'] [ImW '] [%] [nm]
A 2.3 17355 18.5 24.3 18.1/9.1/4.2 632
B 2.3 13557 21.6 28.2 18.9/7.2/3.9 630
C 2.4 17 355 15.8 20.7 15.1/6.6/4.1 630
D 2.4 7523 3.4 4.5 12.6/5.6/2.4 680

? Von, turn-on voltage at 1 cd m™>. b I max, the maximum luminance of

the devices. ¢ CEp,y, the maximum current efficiency. dPEmax, the
maximum power efficiency. * EQE values, following the sequence of
maximum, at 100 cd m~2, and at 1000 cd m?respectively.” The EL
emission peaks at the same driving voltage of 2.8 V.

Conclusions

In conclusion, two new triarylamine based D-A type red/NIR
TADF emitters with fine-tuning molecular parameters were
elaborately designed and synthesized. In comparison with the
model molecule of dpTPAAP, the incorporation of planar
electron-rich end-capping groups (i.e., benzofuryl) at the per-
iphery of triarylamine legs can efficiently enlarge the HOMO
distributions and subsequently strengthen their intermolecular
CT interactions, while the suppression of nonradiative energy
consumptions and synchronous increase of kgisc can be rea-
lized by introducing a block m-bridge (i.e., naphthyl). Notably,
the fine-tuning strategy offers a directed way to predictably
equilibrate the key TADF parameters and obtain desirable red/
NIR TADF emitters with improved device performances. Con-
sequently, EL devices employing these red/NIR emitters were
fabricated, and an EQE,,,x approaching 20% (@ 630 nm, with
25% improvement in contrast to the reference one), or 12.6%
(@680 nm) was achieved.
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