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ABSTRACT: Deep red to near-infrared organic light-emitting diodes (DR/NIR-OLEDs) have remarkably attracted much
interest due to their potential applications in many areas. Herein, we present a simple structured near-infrared
thermally activated delayed fluorescence (TADF) molecule (DMACCNBz) comprising a strong electron-accepting core
(A) of 5,6-dicyano[2,1,3]benzothiadiazole (CNBz) end-capped with highest-energy molecular orbital (HOMO), rigid
structure, and two strong electron donors (D) of 9,9-dimethyl-9,10-dihydroacridine (DMAC), thereby formulating a D-
A-D type chromophore. The experimental and theoretical studies confirm that DMACCNBz is a TADF fluorophore
with NIR emission (Ap;, = 738 nm) and a small singlet-triplet splitting energy (AEg) of 0.07 eV. DMACCNBz is
successfully applied as an emissive material in DR/NIR-OLEDs. The device using DMACCNBz 10 wt% doped emissive
layer demonstrates a record-setting external quantum efficiency (EQE) of 7.19% with an emission peak at 696 nm,
while the device using 30 wt% doping of DMACCNBz exhibits NIR emission with a peak at 722 nm, an EQE of 4.93%,
and a maximum radiance of 4720 mW sr'm2.
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INTRODUCTION NIR fluorophore and its inherent large non-radiative
The deep red (DR) to near-infrared (NIR) light transition rate according to the widely known “Energy

(700 nm < A < 2500 nm) has received significant Gap L'.aw” (7). In gen'e r'al, orgapic NIR-em itting
attention due to its extensive applications in materials often feature rigid and highly copjl}gated
science and technology. These applications include backbones or strong push-pull characteristics to

telecommunications [ 1], photodynamic/photothermal produce low. ba?d &aps, which 1nst1nct1ve1y. brings
therapies [2, 3], biosensors [4], security applications about excessive interactions between the conjugated

[5], and organic light-emitting diodes (OLEDs) [6]. skeleton and other molecules, giving rise to low PLQY.
Pariticularly NIR-OLEDs, when compared to their Furthermore, conventional NIR fluorophores can only
visible light-emitting counterparts, still encounter the hagvest the Emglet' e?((:lte(fi s}:ate ,f(ir 11ght. e(Iinlssmn
challenge of small luminous efficiency and external ?n . ,WaStfilt € majoi”lty of the trlf%e.t excited state,
quantum efficiency (EQE) due to the combination of imiting the internal quantum efficiency (IQE) to

: : 25% or the device’s maximum EQE of only 5%. Over
the 1 hotol t 1d (PLQY) of
¢ low photoluminescence quantum yield (PLQY) o the past decades, the thermally activated delayed

72021 Outstanding Scientist of Thailand. fluorescence (TADF) mechanism has emerged as a
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promising alternative to conventional fluorescence
because it utilizes both triplet and singlet states,
allowing for 100% IQE. The TADF characteristic
features a small energy gap (AEg; < 0.3 eV) between
the first singlet (S;) and triplet (T;) states, allowing
the T, state to effectively undergo reverse intersystem
crossing (RISC) to S; through thermal activation
at room temperature [8,9]. Since the pioneering
report of purely organic TADF emitter-based OLEDs
by Adachi et al in 2012 [10], the field of TADF
OLEDs has considerably advanced, particularly in
the development of high-performance TADF emitters.
Recently, the numbers of NIR TADF emitters for NIR-
OLEDs have been wisely investigated [11]. However,
their performances have not yet met the level of
the visible light-emitting TADF devices. The high-
performance NIR TADF OLEDs need to be developed
and new NIR TADF molecules should have been
developed. Generally, TADF molecules are constructed
with a donor-acceptor (D-A)-type rigid molecular
architecture. A suitable twist angle and sufficient
distance between the two moieties can interrupt
and control the m-conjugation regulating a spatial
separation of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), resulting in a small AEg; for an efficient
RISC process. One common approach to achieve TADF
with NIR emission is to narrow the HOMO-LUMO gap
of the D-A molecule by shallowing the HOMO and/or
lowering the LUMO, which could be managed by using
a strong acceptor and strong donor couples. Several
donor groups, including carbazole [12], acridine [13],
triphenylamine (TPA) [14], and phenothiazine [15],
have shown a strong donor strength with higher-lying
HOMO and have been employed in the construction
of NIR TADF molecules. However, the choices of
acceptor units are quite limited when it comes to
designing deep LUMO. Wang et al [16] reported the
first organic DR/NIR-TADF molecule (TPA-DCPP)
comprising 2,3-dicyanopirazino phenanthrene (DCPP)
as the A unit end-capped with TPA as the D unit.
The molecule presented a D-A-D structure with
large and rigid m-conjugation with a LUMO value
of —3.52 eV and DR/NIR emission at 588 nm. The
non-doped OLED exhibited emission in the NIR region
at 710 nm, and the doped device showed a high
EQE of 9.8% with electroluminescent (EL) emission
at 668 nm. Further extending the m-conjugated
system of the DCPP acceptor resulted in 3,6-bis(4-
(diphenylamino)phenyl)dibenzo[a, ¢ Jpyrazine-11,12-
dinitrile (DPA-Ph-DBPzDCN) TADF molecule with
a deeper LUMO value at —3.63 eV and DR/NIR
emission at 618 nm [17]. Its doped device emitted
at 732 nm with an EQE of 2.40%. Adachi et al [18]
have developed dibenzo[a,c]phenazine-2,3,6,7-
tetracarbonitrile (PZTCN) acceptor-based DR/NIR
TADF emitter (TPA-PZTCN). The molecule showed
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DR/NIR emission at 674 nm with a LUMO level of
—3.84 eV. The doped OLED achieved a deeper NIR
emission with a peak at 734 nm and an EQE of
13.4%. The presence of four electron-withdrawing
cyano groups in the acceptor unit of the molecule
not only benefits its NIR emission but also can
suppress non-radiative transitions through strong
intermolecular interactions, giving rise to a high
PLQY. Besides, there were more acceptors based
on pyrazine carbonitrile have been investigated
such as acenaphtho[1,2-b]pyrazine-8,9-dicarbonitrile
(APDC) [19], acenaphtho[1,2-b] pyrazine-8,9-
dicarbonitrile (AP) [20], acenaphtho[1,2-b]quino-
xaline-8,9-dicarbonitrile (AQ) [19], anthryleno[1,2-
b]pyrazine-2,3-dicarbonitrile (DCPA) [21], quino-
xaline-6,7-dicarbonitrile (QCN) [22], 2,3-dicyano-
pyrazino phenanthroline (CNPP) [23], and dibenzo-
[a, c]phenazine-3,6-dicarbonitrile ~ (PZCN)  [24].
Their corresponding DR/NIR TADF molecules have

been synthesized and demonstrated moderate
performances in the doped and non-doped
devices. However, the synthesis of these pyrazine

carbonitrile-based acceptors required sophisticated
synthetic processes, making their commercialization
and practical applications difficult. Recently,
our group has presented a simple and strong
electron-deficient acceptor based on 5,6-dicyano-
[2,1,3]benzothiadiazole (CNBz) for the construction
of NIR TADF dye [25]. CNBz presented an extremely
strong accepting ability due to a combination of the
extended m-conjugation system of benzothiadiazole
and two electron-withdrawing cyano substituents. By
end-capping CNBz with two TPA donors formulating
a D-A-D molecule, TPACNBz realized an efficient
DR/NIR emission at 674 nm with a deep LUMO
level of —3.70 eV. The doped OLED emitted a NIR
emission at 712 nm with a high maximum radiance of
10020 mW sr'm™ and an EQE of 6.57%.

To advance on this CNBz-based DR/NIR molecule,
in this work, we further functionalized CNBz with
a more rigid and stronger donor 9,9-dimethyl-9,10-
dihydroacridine (DMAC) than TPA unit. DMAC has
been known to exhibit a strong electron-donating prop-
erty and a high HOMO level at —4.90 eV [11, 26].
Moreover, its locked biphenyl bridge structure could
enhance molecular rigidity and reduce non-radiative
decay, giving rise to high PLQY [27]. Currently, DMAC
derivatives have attracted great attention owing to
their good hole transporting ability, the practicality
of their derivatives, and promising results for OLEDs
[28]. Therefore, a simple structured DR/NIR molecule
of DMACCNBz bearing CNBz end-capped with DMAC
was designed and synthesized (Scheme 1). DMAC-
CNBz with a twisted D-A-D type molecular structure
presented a low HOMO-LUMO gap with a small AEg;
of 0.07 eV, Its doped OLED showed DR/NIR emissions
(696-722 nm) with EQEs of 4.93-7.19%.
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MATERIALS AND METHODS

All reagents and solvents were commercially pur-
chased and used without further purification means
unless otherwise noted. 'H- and '3C-NMR spectra
were recorded using a 600 MHz Bruker AVANCE III
HD (Rheinstetten, Germany) with CDCl, as a sol-
vent in all cases. High-resolution mass spectrometry
(HRMS) analysis was performed using a Bruker Aut-
oflex MALDI-TOF mass spectrometer (Breman, Ger-
many). UV-Vis absorption spectra were recorded using
a PerkinElmer Lambda 1050 UV/Vis/NIR spectrome-
ter (Waltham, MA, USA). Photoluminescence spectra
and photoluminescence decay profiles were studied
using an Edinburgh Instruments FLS980 spectrome-
ter (Livingston, UK). The absolute PLQY was mea-
sured using an integrating sphere combined with Ed-
inburgh Instruments FLS980 (Livingston, UK). Ther-
mogravimetric analysis (TGA) was recorded using a
Rigaku STA8122 thermogravimetric analyzer (Tokyo,
Japan) while flushing with nitrogen at a heating rate
of 10°C/min. Melting points were measured us-
ing a Kruss KSPIN melting point meter (Hamburg,
Germany) and the values were uncorrected. The
electrochemical experiment was operated on Auto-
lab PGSTAT101 (Metrohm Autolab BV, Utrecht, The
Netherlands) using a three-electrode system (Pt as a
counter electrode; glassy carbon as a working elec-
trode; Ag/AgCl as a reference electrode). The sam-
ples (0.1 M) were dissolved in dry dichloromethane
(CH,CL,) containing tetrabutylammonium hexafluo-
rophosphate (n-Bu,NPF) (107 M) as a supporting
electrolyte and analyzed at a scan rate of 50 mV/s
under argon. Single-crystal X-ray diffraction (SC XRD)
was performed using a Bruker D8 Venture single-
crystal diffractometer (Karlsruhe, Germany) at 100 K
(Mo Ka =0.7107 A). The crystal refinement was calcu-
lated and illustrated using APEX4, PLATON, OLEX1.5,
and MERCURY3 software. Crystallographic data de-
posited at the Cambridge Crystallographic Data Centre
under CCDC 2371981 of DMACCNBz contains supple-
mentary crystallographic data, including the structure
factors, respectively. This data can be obtained free of
charge via www.ccdc.cam.ac.uk.

The quantum chemical calculations were per-
formed using the Gaussian 16 package [29]. The
ground state geometries, HOMO/LUMO distributions,
and energy levels were executed by using density
functional theory (DFT) calculation at the B3LYP/6-
31G(d,p) level of theory in the gas phase. The singlet
and triplet excited states were calculated using a time-
dependent (TD)-DFT B3LYP/6-31G(d,p) basis set.

OLED devices with the structure of indium tin
oxide (ITO)/1,4,5,8,9,11-hexaazatriphenylene hexa-
carbonitrile (HAT-CN) (8 nm)/N,N’-bis(naphthalen-1-
yD)-N,N’-bis(phenyl)-benzidine (NPB) (30 nm) /4,4’ 4-
tris(carbazol-9-yl)triphenylamine (TCTA) (10 nm)/

DMACCNBz doped 4,4’-bis(N-carbazolyl)-1,1’-biphe-
nyl (CBP) (30 nm)/1,3,5-tri(m-pyrid-3-yl-phenyl)-
benzene (TmPyPB) (40 nm)/lithium fluoride (LiF)
(1 nm)/aluminum (Al) (100 nm) were fabricated
on patterned indium tin oxide (ITO) glass substrates
with a sheet resistance of 12 Q/sq. The substrates
were thoroughly pre-cleaned by ultrasonic treatment
in liquinox detergent, deionized water, acetone, and
isopropanol and brewed with nitrogen for drying.
They were then cured with UV/Ozone for 20 min
before use. The OLEDs were fabricated using a Kurt J.
Lasker mini SPECTROS 100 thin film deposition system
(Kurt J. Lesker, Jefferson Hills, USA) under vacuum
conditions with a base pressure lower than 1 x 107°
bar to form an active diode area of 4 mm?. Thermal
evaporation rates were 0.2-0.4 A/ s for HATCN, NPB,
TCTA, DMACCNBz:CBE and TmPyPB layers, 0.05-
0.1 A/s for LiF layer, and about 1 A/s for the Al
layer. The film thickness was monitored using a
quartz oscillator thickness sensor. The absolute EQE
of OLEDs was obtained using a Hamamatsu Photonic
C9920-12 External Quantum Efficiency Measurement
System (Hamamatsu, Japan) utilizing and an inte-
grating sphere under an ambient atmosphere at room
temperature. Hole- and electron-only devices (ITO/-
magnesium fluoride (MgF,) (20 nm)/DMACCNBz
(100 nm)/molybdenum oxide (MoO,) (3 nm)/Al
(100 nm) and ITO/MgF, (20 nm)/DMACCNBz
(100 nm)/LiF (1 nm)/Al (100 nm)) were fabricated
and measured as mentioned above. Current density-
voltage-luminescence (J-V-L) characteristics were mea-
sured by using a Keithley 2400 source meter and
a Hamamatsu Photonics PMA-12 multi-channel ana-
lyzer.

Synthesis of 4,7-bis(4-(9,9-dimethylacridin-10(9H)
-yD) phenyD)-5, 6-difluorobenzo [c][1,2,5] thiadiazole
(FDMACBgz): A mixture of 4, 7-dibromo-5, 6-difluoro-
2,1-3-benzothiadiazole (0.062 g, 0.188 mmol), 9,9-
dimethyl-10-(4-(4,4,5,5-tetramethyl-1,3, 2-dioxaboro-
lan-2-yl)phenyl)-9,10-dihydroacridine (0.170 g, 0.143
mmol), Pd(PPh3)4 (0.01 g, 0.093 mmol), and 2 M
Na,CO, (12 ml) in dry THF (20 ml) was degassed
under nitrogen atmosphere. The reaction mixture
was stirred and heated at reflux for 48 h, then
cooled to room temperature. Water (50 ml) was
added and the mixture was extracted with CH,CI,
(83 x50 ml). The organic layer was combined, washed
with water, brine, dried over anhydrous Na,SO,,
filtered, and concentrated in a vacuum. Purification
by column chromatography on silica gel eluting with
hexane:CH,Cl, (3:1) gave yellow solids (113 mg,
63%). M.p. >360°C; 'H NMR (600 MHz, CDCIB) 9]
8.17 (d, J = 7.9 Hz, 2H), 7.58 (d, J = 7.8 Hz, 2H),
7.52-7.47 (m, 2H), 7.04 (t, J = 7.7 Hz, 2H), 6.97 (t, J
= 7.4 Hz, 2H), 6.46 (d, J = 8.2 Hz, 2H), 1.73 (s, 6H);
C NMR (151 MHz, CDCl,) 6 142.1, 140.7, 133.1,
131.4, 130.2, 130.0, 126.4, 125.2, 120.8, 114.2, 36.0,
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31.19; HRMS MALDI-TOF (m/z): caled for C
738.2629; found: 738.2621 [M+].

Synthesis of 4,7-bis(4-(9,9-dimethylacridin-10(9H)
-yl) phenyl) benzo [c][1,2,5 ] thiadiazole-5, 6-dicarboni-
trile (DMACCNBz): FDMACBz (107 mg, 0.15 mmol),
KCN (75 mg, 1.16 mmol), and 18-crown-6 (1.5 mg,
0.006 mmol) were added to a Schlenk tube, then
dried by heating gun before being flushed with argon.
Dried THF (2 ml) was added and degassed. The
reaction mixture was stirred under argon at reflux for
20 h. The mixture was poured into water and then
extracted with CH,Cl, (3x20 ml). The combined
organic layer was washed with water, brine, dried
over anhydrous Na,SO,, filtered, and concentrated in
a vacuum. Purification by column chromatography on
silica gel eluting with hexane:CH,Cl, (3:2) followed by
reprecipitation in a mixture of CH,Cl, and methanol
gave deep red solids (103 mg, 65%). M.p. >360°C;
'H NMR (600 MHz, CDCl,) 6 8.12 (d, J = 8.2 Hz,
2H), 7.65 (d, J = 8.2 Hz, 2H), 7.50 (dd, J = 7.8,
1.5 Hz, 2H), 7.07-7.05 (m, 2H), 6.99 (td, J = 7.4,
1.2 Hz, 2H), 6.46 (d, J = 8.1 Hz, 2H), 1.72 (s, 6H);
C NMR (151 MHz, CDCl,) § 154.3, 144.0, 141.1,
140.6, 133.0, 132.1, 131.5, 130.8, 126.6, 125.3,
121.2,115.3, 114.5, 113.0, 36.1, 31.0; HRMS MALDI-
TOF (m/2): caled for CyoH,y¢NgS 752.2722; found:
752.2761 [M+].

50H36NGS
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RESULTS AND DISCUSSION

The synthesis of the designed TADF molecule DMAC-
CNBz was accomplished in two steps, as out-
lined in Scheme 1. Suzuki cross-coupling reaction
of 4,7-dibromo-5,6-difluorobenzo[c][1,2,5] thiadia-
zole and 9,9-dimethyl-10-(4-(4,4,5,5-tetramethyl-1,
3, 2-dioxaborolan-2-yl) phenyl)-9, 10-dihydroacridine
catalyzed by Pd(Ph,P),/Na,CO, followed by nucle-
ophilic substitution reaction of the resultant FDMACBz
with KCN in the presence of 18-crown-6 afford pro-
duced DMACCNBz as deep red solids in a moderate
yield. The chemical structures of the synthesized
molecules were unambiguously characterized by 'H-
NMR, *C-NMR, HRMS MALDI-TOF (Fig. S1), while
the molecular structure of DMACCNBz was further
proved by single crystal X-ray diffraction.

A suitable single crystal of DMACCNBz was grown
via a slow diffusion of methanol into a CH,Cl, solu-
tion. The precise geometry was confirmed via SC XRD
measurements, and the corresponding crystallographic
data are provided in Table S1. The crystal structure
of DMACCNBz (Fig. S2) is a monoclinic P2,, space-
group (a = 7.0601(6) A], b = 13.1064(11) A, ¢ =
42.680(3) 10\). It was observed that the plane of the
phenyl ring and the plane of the DMAC unit were
nearly perpendicular to each other, indicating signif-
icant steric repulsion between them. The structure
reveals a twisted conformation with large torsion an-
gles of 66.6° and 86.6° between the CNBz acceptor and
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the phenyl ring and between the DMAC donor and the
phenyl ring, respectively, as depicted in Fig. S1. These
large torsion angles could facilitate the separation of
HOMO and LUMO distributions, contributing to the
observed small AEgr.

To gain insight into the electronic property of
DMACCNBz, DFT calculations were performed using
the B3LYP/6-31G(d) and TDA-B3LYP/6-31G(d) in gas
phase for the ground state and excited state properties,
respectively. As shown in Fig. 1, the optimized ge-
ometry of DMACCNBz shows dihedral angles of 80.0°
and 52.6° between the phenyl ring and its adjacent
end-capping DMAC and central CNBz units, respec-
tively. According to such large dihedral angles, the
electron distribution of HOMO was mainly on the two
electron-donating DMAC moieties, while the electron
of LUMO was localized on the electron-accepting CNBz
core with tiny electron distribution on nearby phenyl
rings. These HOMO and LUMO orbitals display a
small overlap which could lead to comparable energy
levels for S; and T,, resulting in small AEg; values.
The calculated HOMO and LUMO energies revealed an
energy gap (AE) of 1.10 eV matching well with the
NIR emission. This could benefit from strong electron-
donating and strong electron-deficient characters of
the DMAC and CNBz building blocks, respectively, and
its D-A-D structure. The excited state calculations of
DMACCNBz estimated the AEg; value to be 0.001 eV,
which is sufficiently low to facilitate efficient RISC at
room temperature.

The optical properties of DMACCNBz were in-
vestigated using UV-Vis absorption and photolumines-
cence spectroscopy in dilute solution and thin film,
as shown in Fig. 2 and listed in Table 1. The UV-Vis
absorption spectrum in solution displayed absorption
peaks at 286 nm assigned to the m-m* transition of
DMAC unit, at 378 nm attributed to the 7t-7* transition
of conjugate backbone, and at 522 nm ascribed to
the intramolecular charge transfer (ICT) from DMAC
donor to CNBz acceptor. The latter band was broad
with a low molar extinction coefficient (¢ = 1.2 x 10°
M™tem™), indicating a weak charge transfer (CT) char-
acteristic, agreeing well with the spatially separating
HOMO and LUMO orbitals observed. DMACCNBz in
solution showed NIR emission with a broad CT emis-
sion band peaked at 378 nm. This CT emission char-
acteristic was further evaluated by a solvatochromic
study, revealing that the PL spectra displayed solvent
polarity-dependent profiles, where the PL peaks red-
shifted from 740 nm in low polarity toluene solution to
861 nm in high polarity CH,Cl, (Fig. 2b). As depicted
in Fig. 2¢, the molecule in the thin film exhibited UV-Vis
absorption and PL profiles similar to its solution. The
film showed NIR emission with a peak at 750 nm and
a PLQY value of 1.3%. The transient PL decay spectra
at 300 K of DMACCNBz film exhibited distinct double
exponential decay components over 200 ps, with the
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Fig. 1 Optimized geometry, HOMO/LUMO orbitals and energies, lowest-lying singlet (S;), and lowest-lying triplet (T;) energy
levels calculated by B3LYP/6-31G(d) and TDA-B3LYP/6-31G(d) methods.

delayed fluorescence (DF) component decaying with
a half-life of ~5 ps. The half-life of the prompt
fluorescence (PF) component was estimated to be 8 ns
over the time range of 100 ns, corresponding to the S,
relaxation to the S, (Figs. 2d and S2).

To further validate the TADF characteristic of
DMACCNBz, a series of experiments were conducted.
Firstly, it can be verified by an oxygen quenching

Table 1 Key optical and physical data of DMACCNBz.

experiment. This method relies on the assumption
that TADF is quenched by molecular oxygen under
oxygen-saturated conditions and only PF is observed.
As shown in Fig. 3a, the PL intensity of DMACCNBz in
toluene solution in the absence of oxygen (degassed)
is more than doubled compared to that of the aerated
condition, confirming the existence of TADF emission
in this compound. Secondly, it is the determination

Aem (nm) 7 (ns)le] PLQY (%)[1] Eg™/EZ*l] HOMO/LUMOM  Eg/Er/AEg!
soll@Y/film(®Y dfilm soll@)/film(®] soll?)/film(PY dfilm (eV) (eV) (eV)
738/750/675t1 (708)l41  6lfl(10)le}/ 14" (4940)[1  1.6/1.3/36[1 (16)[4]  1.82/1.91 —5.40/—3.49 2.26/2.19/0.07

[a] Measured in toluene solution. [b] Measured in neat film. [c] Measured from 10 wt% DMACCNBz:CBP doped film. [d]
Measured from 30 wt% DMACCNBz:CBP doped film. [e] Transient PL decay time. [f] Aerated solution. [g] Degassed solution. [h]
Prompt fluorescence (PF). [i] Delayed fluorescence (DF). [j] Estimated from absorption onset of thin film: Egpt =1240/Aonser and

from CV: Eg oPt —

= Eomset—gomset. [k] HOMO = —(4.44+ E2™*") and LUMO = HOMO + E;’Pt. [1] Singlet (S;) and triplet (T;) excited

state is est1mated from onsets of prompt PL and delayed PL spectra of 2 wt% DMACCNBz:PMMA doped film and AEgy = Eg—Er.
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Fig. 2 UV-VIS absorption and PL spectra of DMACCNBz in (a) toluene solution and (c) thin film coated on fused silica substrate.
(b) PL spectra of DMACCNBz in different solvents. (d) Transient PL decay trace of thin film over a time range of 200 us.
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of AEgr, the most important parameter in verifying a
TADF molecule, which can be directly estimated from
prompt PL and phosphorescence spectra. The time-
resolved emission spectrum (TRES) measurement of
10 wt% DMACCNBz doped in polymethyl methacrylate
(PMMA) thin film covered with an EXCEVAL™ film
was carried out. As depicted in Fig. 3b, the spectra of
the prompt PL (TRES slice @100 ns after flash) and
delayed PL (TRES slice @30 ps after flash) are nearly
identical, suggesting that the delayed component is DE
In general, the phosphorescence from the T; state will
appear at a longer wavelength than the fluorescence
because of the lower-lying energy of the T; state.
Accordingly, the AE¢; was estimated from the onset of
the two spectra to be 0.07 eV, This narrow AEg would
ensure an efficient upconversion from T; to S; or TADF
process at room temperature. The third method is to
verify the origin of the delayed component by measur-
ing the temperature dependence of the emission decay.
The temperature-dependent transient PL spectra of
30 wt% DMACCNBz doped in CBP film were evaluated
over a temperature range of 77 K to 300 K. As shown
in Fig. 3c, the delay component is seriously suppressed
when the film is cooled to 77 K and gradually increased
with the temperature elevated, indicating that the de-
layed component originates from a thermally activated
process. These results prove the assignment of the

delayed component as TADE

To achieve an enhanced TADF emission, the TADF
molecule typically needs to be doped in a suitable
host material to stabilize its T, state, enlarge the
interaction distance, and suppress the annihilations.
CBP was identified as a suitable host matrix for deep-
red and NIR emitters due to its high triplet energy
and appropriate HOMO/LUMO levels [30, 31]. The PL
spectra and PLQYs were therefore investigated in 5-
40 wt% doped films of DMACCNBz in a CBP matrix, as
shown in Fig. 3d. The PL exhibited a continuing blue
shift in emissions as doping concentrations decreased
compared to the neat film. At 10 wt% doping concen-
tration, the film displayed a DR emission with a peak
at 675 nm, while at 30 wt% doping concentration, the
film emitted a NIR emission with a peak at 708 nm.
The PLQY values of the thin films were significantly
improved from 1.6% for the neat film to 36% for
10 wt% doped film and 16% for 30 wt% doped film
(Table 1), indicating that dispersion of DMACCNBz
in a CBP host matrix could alleviate the aggregation-
caused quenching problem to a large extent and en-
dowed TADF emission

The thermal property of DMACCNBz was analyzed
by TGA, which showed a high decomposition temper-
ature (Tsq) at a 5% weight loss of 428°C (Fig. 4a).
This suggests that DMACCNBz has superior thermal
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Fig. 4 (a) TGA thermogram measured at a heating rate of 10°C/min under N, flow. (b) CV voltammogram analyzed in
CH,Cl,/n-Bu,NPF, at a scan rate of 50 mV/s under argon. (c) The structures of hole-only and electron-only MIS devices.

(d) Electric-field dependence of the charge mobility plots.
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stability and is capable of fabricating thin film using the
thermal evaporation technique, beneficial to a stable
and efficient device. The electrochemical property of
DMACCNBz was investigated by cyclic voltammetry
(CV) experiment conducted in a dry CH,Cl, solution
containing n-Bu,NPF, as a supporting electrolyte. As
depicted in Fig. 4b, the CV trace reveals a bipolar redox
feature. Two distinct quasi-reversible reductions at
half-wave potentials (E;/,) of —0.85 V and —1.62 V
were assigned the formation of radical anions of the
electron-withdrawing CN [32] and Bz [33, 34] accep-
tor, respectively, while two oxidation waves at the
potential of 0.74 V and E,, of 0.96 V. The first oxida-
tion was attributed to the formation of radical cations
of the electron-donating DMAC moiety [26, 35, 36].
Accordingly, the electrochemical bandgap (Egele) of
DMACCNBz was calculated from the onset of oxidation
and reduction to be 1.82 eV, which is slightly lower
than the optical bandgap (E;g’pt = 1.91 eV) estimated
from the absorption onset of the solid film due to
the exciton binding energy. Based on the onset of
oxidation (Eg:sa), the HOMO level was calculated to
be —5.40 eV from HOMO = —(4.44 + E03**") and the
LUMO level was further deduced from HOMO and E;P‘
to be —3.49 eV from LUMO = HOMO + E;’Pt. The
LUMO value is comparable to TPACNBz [24], due to
their shared electron-withdrawing core. Since charge
carrier mobility of emissive material is one of the
key parameters to achieve efficient devices, the hole
(uy) and electron (u.) mobilities of DMACCNBz were
measured using metal-insulator-semiconductor (MIS)
diodes in combination with the charge extraction in lin-
early increasing voltage (CELIV) method (MIS-CELLV).
The hole- and electron-only MIS devices were fab-
ricated with the following configurations ITO/MgF,
(20 nm)/DMACCNBz (100 nm)/MoO, (3 nm)/Al
(100 nm) and ITO/MgF, (20 nm)/DMACCNBz
(100 nm)/LiF (1 nm)/Al (100 nm), respectively
(Fig. 4c). As shown in Fig. 4d. the electric-field
dependence of the charge mobility plots reveal p,;, and
te of DMACCNBz at 1000 (Vem™)/? to be 2.15x107°
em?V1s! and 1.73x 1076 em?V-!s7!, respectively. This
indicates that DMACCNBz possesses a well-balanced
charge-transporting property, leading to efficient de-
vice performance.

The EL performance of DMACCNBz as an emitting
material was investigated in multilayer OLEDs with the
optimized configurations of ITO/HATCN (8 nm)/NPB
(30 nm)/TCTA (10 nm)/10-30 wt% DMACCNBz:CBP

Table 2 Summary of device EL performance of the OLEDs.[2]
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(30 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm)
(Fig. 5). In these devices, ITO and Al served as anode
and cathode, while HATCN and LiF acted as hole and
electron injection layers, respectively. To balance holes
and electrons and limit the recombination zone in the
emissive layer (EML), NPB was applied as the hole-
transporting layer (HTL), TCTA with its high LUMO
energy level (2.3 eV) and poor p, (1078 em2vis™)
was inserted as an electron blocking layer (EBL) [36].
TmPyPB functioned as the electron-transporting layer
(ETL). 10 and 30 wt% DMACCNBz doped in CBP host
were investigated as the EML. The corresponding EL
characteristic plots are depicted in Fig. 6, and the key
EL parameters are given in Table 2.

The OLED using 10 wt% DMACCNBz:CBP as an
EML showed a DR emission with a peak at 696 nm
corresponding to a Commission Internationale de
I’Eclairage (CIE) coordinates of (0.67, 0.33). The
device achieved remarkable EL performance with a
low turn-on voltage (V,,) of 3.4 V a maximum radi-
ance of 7051 mW sr'm, and a maximum EQE of
7.19%. The OLED fabricated with a higher doping
concentration of DMACCNBz (30 wt%) exhibited NIR
emission with a peak at 722 nm and a CIE coordinate
of (0.69, 0.31). The device demonstrated a slightly
lower EL performance with a V,, of 4.2 V a maximum
radiance of 4720 mW sr'm=, and a maximum EQE
of 4.93%. These results related well with the PLQY
of the EML (Table 1). Additionally, the EL spectra
of both devices displayed sole DMACCNBz emission
consistent well with the PL spectra of the correspond-
ing EML (Fig. 6¢). There were no emissions from
the host being observed, suggesting complete energy
transfer from the CBP to DMACCNBz. The EL spec-
tra endured stability within various applied voltages,
as illustrated in Fig. S3, indicating excellent stability
during the electrical charge injection process and exci-
ton recombination well confined in the EML. Besides,
DMACCNBz exhibited OLED performance comparable
to its predecessor, TPACNBz [25]. The EL spectra of
DMACCNBz showed a longer EL emission at 722 nm,
compared to 712 nm for TPACNBz, with high efficiency.
Accordingly, this outcome represents one of the top EL
performances among thiadiazole-based derivatives for
pure organic deep-red to NIR OLEDs with an emis-
sion peak exceeding 680 nm reported to date [38].
Moreover, these devices exhibit low-efficiency roll-off.
Overall, this novel DMACCNBz emitter, through simple
molecular engineering, demonstrates high-efficiency
DR/NIR emissions, making it suitable for practical

EML Vo (V) Ap. (nm) Rpax (MW srim™2) Jmax (MA cm™2) EQE (%) CIE (x,y)
10 wt% DMACCNBz:CBP 3.4 696 7051 255 7.19 (0.67, 0.33)
30 wt% DMACCNBz:CBP 4.2 722 4720 209 4.93 (0.69, 0.31)

[a] ITO/HATCN (8 nm)/NPB (30 nm)/TCTA (10 nm)/EML (30 nm)/TmPyPB (40 nm)/LiF (1 nm)/Al (100 nm).
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(d) EQE summary of the reported DR/NIR fluorescence OLEDs with an emission peak greater than 680 nm.

OLED applications.
CONCLUSION

In summary, we have successfully designed and syn-
thesized a NIR emissive TADF molecule DMACCNBz
by integrating one CNBz as a strong electron-accepting
core with two DMAC as strong electron-donating end-
capping units, thereby formulating a D-A-D chro-
mophore. DMACCNBz displays a TADF property with
a narrow AEgr of 0.07 eV. The molecule exhibits NIR
emission in both solution and thin film with well-
balanced charge mobility and decent thermal stability.

It could be beneficial from the use of a high electron-
deficient CNBz unit. DMACCNBz is successfully em-
ployed as an emissive material in OLEDs. The devices
based on DMACCNBz doped in CBP host emissive lay-
ers exhibit DR/NIR emissions with low V,, (3.4-4.2V)
and high EQE of 4.93-7.19%. This work demonstrates
that an efficient NIR TADF molecule can be developed
using a simple and extremely high electron-deficient
CNBz as an acceptor core. We also anticipate that our
design strategy would open up a new possibility for
achieving low-bandgap organic semiconductor materi-
als for other optoelectronic applications.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2025.
sO11.
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Appendix A. Supplementary data
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Fig. S1 Copies of NMR spectra and HRMS mass.
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Fig. S2 Crystal structure of DMACCNBz with 50% probability at 100 K. Label: C = grey, N = blue, S = yellow, and H = white.
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Fig. S3 EL spectra of the fabricated OLED at different applied voltages.
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Table S1 Crystallographic data table of DMACCNBz.

Compound DMACCNBz
CCDC deposit number 2371981
Empirical formula CsoHy NS
Formula weight 752.91
Temperature/K 100
Crystal system monoclinic
Space group P21/n
a/A 7.0601(6)
b//ok 13.1064(11)
c/A 42.680(3)
a/° 90
B/ 94.5
v/ 90
Volume/A3 3936.6(5)
Z 4
Peale (g/cm®) 1.270
w/mm™? 0.127
F(000) 1576.0
Crystal size/mm3 0.4x0.2x0.2
Radiation

MoKa (A = 0.71073)
3.83 to 52.798

20 range for data collection/°

Index ranges —8<h<8,-16<k<16,-53<1<53

Reflections collected

163439
Independent reflections 8052 [Ryy = 0.0528, Ryjgmy = 0.0179]
Data/restraints/parameters 8052/0/519
Goodness-of-fit on F? 1.095

Final R indexes [I > 20 (I)] R, = 0.0369, wR, = 0.0878

Final R indexes [all data] R; = 0.0443, wR, = 0.0969
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