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Here, a new solution-processable hybridized local and charge-transfer (HLCT) fluorescent molecule,
CPBzFC, is designed and synthesized as an efficient emitter for low-cost and simple-structured
electroluminescent devices. CPBzFC contains 7-(4-(carbazol-N-yl)phenyl)benzothiadiazole as an HLCT
fragment directly linked to a hole-transporting and highly soluble 7-(3,6-di-tert-butylcarbazol-N-yl)-
9,9'-bis(8-(3,6-di-tert-butylcarbazol-N-yloctyl)fluorene part. The photophysical results and theoretical
calculations unveil an HLCT excited-state character with a strong yellowish-green fluorescence
emission (a solid-state photoluminescence quantum yield of 82%), decent hole-transporting mobility,
good film morphology, and thermal and electrochemical stabilities. CPBzFC is successfully utilized as a
solution-processed non-doped emitter in simple structured OLEDs. This device achieves excellent
electroluminescence (EL) performance with an ultra-high brightness of 30800 cd m™2, a maximum
external quantum efficiency (EQE.x)of 6.74%, a maximum current efficiency (CEn,x) of 14.38 cd AL
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Introduction

Since a pioneering work on organic light-emitting diodes (OLEDs)
reported by Tang and Vanslyke in 1987, research in this field has
been flourishing.>™ Over the past few years, the electrolumines-
cence (EL) performance of OLEDs has steadily improved, making
them a promising alternative to many of today’s display and
lighting technologies.® To date, OLED technology has become
popular across various end-use industries and is quickly taking
over the conventional display technologies (LCDs and LEDs). This
is due to the fact that OLEDs provide the best image quality, are
more efficient, are simpler to make, consume less power, are
flexible, and reliable than other types of displays. One of the keys
to this advancement is the development of high-performance light-
emitting materials,”® particularly, the recent advance in organic
emitters that can theoretically realize a 100% internal quantum
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and a high exciton utilization efficiency (EUE) of 41%.

efficiency (IQE) by converting non-radiative triplet (T) excitons into
radiative singlet (S) excitons via a reverse intersystem crossing
(RISC) process of either the lowest triplet state (T;) or high-lying
triplet states (T,; n > 1) known as thermally activated delayed
fluorescence (TADF)*** and hybridized local and charge-transfer
(HLCT), respectively.”>™” Between the two, the HLCT mechanism
involves a conversion of a much short exciton lifetime of high-lying
triplet states, which occurs on a nanosecond time scale, benefiting
not only 100% IQE in a short time but also enabling lessen of a
triplet accumulation process and thus improving the efficiency
roll-off of the OLEDs. Therefore, HLCT fluorophores as non-doped
emitters could be a promising candidate for practical uses. So far,
several highly efficient HLCT molecules have been developed as
emitters for OLEDs, including phenanthroimidazole derivatives
as blue to deep-blue HLCT fluorophores,'®?* triarylamine-benzo-
thiadiazoles (Bz) as green to red-orange HCLT fluorophores,'>*>2°
and triarylamine-naphthothiadiazoles (NZ)"**°° as red to near-
infrared (NIR) HLCT fluorophores. However, all of them were
fabricated by thermal vacuum deposition, involving heating a solid
material inside a high vacuum chamber at high temperatures and
in a small area which is not applicable for fabricating flexible and
large area-size devices and scaling up for commercial applications.
To this point, there are only a few examples of solution-processed
HLCT-based OLED devices (Table S1, ESIt),**>° and their EL
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Czp-BZP

-(carbazol-N-yl)phenyl)boronic acid, Pd(PPhs),, 10% K,COsz (aq), THF, reflux;

(i) bispinacolatodiboron, KOAc, Pd(dppf),Cl,, toluene, reflux; (iii) 1,8 dibromooctane, tert-BuNH,4Br, KOH, DFM, H,O; (iv) 3,6-di-tert-butylcarbazole,
KOH, DMF; (v) 3,6-di-tert-butylcarbazole, Cul, KsPOy, (£)-trans-1,2-diaminocyclohexane, toluene, reflux; (vi) Pd(PPhs)s, 10% K,COs (aq), THF, reflux.

performances are still inferior compared to their related thermal
evaporated ones.’®*® Hence, this work presents the design, syn-
thesis, and properties of a high solid-state fluorescent molecule,
namely CPBzFC (Scheme 1), bearing a combination of an HLCT
feature and solution processability as an efficient non-doped
emitter for a simple solution-processed OLED.*" In this design,
(4-(carbazol-N-yl)phenyl)benzothiadiazoles (CBzs) as a donor-
acceptor (D-A) HLCT part are directly attached to the 7-(3,6-di-
tert-butylcarbazol-N-yl)-9,9'-bis(8-(3,6-di-tert-butylcarbazol-N-yl)-
octyl)fluorene moiety as an aromatic substituent. As a reference,
a twisting D-A molecule 4-(4-(carbazol-9-yl)phenyl)-7-phenyl-
benzothiadiazole (CzP-BZP) (Scheme 1)*° showed a special
excited state character of the combined HLCT state and ‘“hot
exciton” features, which have been examined by the solvato-
chromic experiment and quantum chemical calculations. Inter-
estingly, it surely harvested an EUE up to 48% in nondoped
fluorescent OLEDs, breaking through 25% upper limit of spin-
statistics. The 7-(3,6-di-tert-butylcarbazol-N-yl)-9,9'-bis(8-(3,6-di-
tert-butylcarbazol-N-yl)octyl)fluorene will offer a combined prop-
erties of good organic solvent solubility and hole-transporting
ability from its pendant 3,6-di-tert-butyl-8-octylcarbazoles.*> **
Indeed, CPBzFC emits an intense yellowish-green color with
HLCT properties, and thus, its simple solution-processed non-
doped OLED accomplishes an outstanding EL performance
(EQE = 6.74%) and a high EUE of 41%, which is comparable
to the EL performance of its paternal HLCT molecule CzP-BZP-
based thermal evaporated multiple layered OLED (EQE,.x =
6.95%, EUE = 48%).>°

Results and discussion

Scheme 1 outlines the synthesis of the designed HLCT emitter
CPBzFC. Firstly, pinacol boronate ester 3 was prepared by a
site-selective cross-coupling reaction of 4,7-dibromobenzo

thiadiazole 1 with (4-(carbazol-N-yl)phenyl)boronic acid followed
by a borylation of the resultant 2 with bis(pinacolato)diboron
catalyzed with Pd(dppf),Cl,/KOAc. Secondly, fluorenyl bromide 7
was synthesized by the alkylation of dibromofluorene 4 with an
excess of 1,8-dibromooctane in the presence of KOH to yield
dialkylated fluorene 5. The nucleophilic substitution of 5 with
3,6-di-tert-butylcarbazole catalyzed by KOH followed by an
Ullmann coupling reaction of the resultant 6 with 3,6-di-tert-
butylcarbazole using (+)-trans-1,2-diaminocyclohexane/Cul/
K3PO, as a catalytic system. Finally, the Suzuki cross-coupling
reaction of intermediates 3 and 7 catalyzed by Pd(PPhj;),/K,CO3
afforded CPBzFC as yellow solids in 59% yield. All synthesized
compounds were unambiguously characterized by standard
methods ("H-NMR, "C-NMR, and high-resolution MS), and
the results agreed with their chemical structures. CPBzFC
exhibited good solubility in most organic solvents owning to
its bulky molecular geometry and the presence of bis(8-(3,6-di-
tert-butylcarbazol-N-yl)octyl)fluorene as a solubilizing moiety,**
which allows the good quality thin film to be prepared by
simple solution-processed casting techniques.

The photophysical properties of CPBzFC were analyzed in
both the dilute solution and neat film, as shown in Fig. 1, and
the data are presented in Table 1. The UV-vis absorption
spectrum in toluene exhibited three distinct absorption bands
at 298 nm attributed to the characteristic n-n* transition of the
electron-rich carbazole,”® 321 nm assigned to n-n* electronic
transitions of the aromatic conjugated backbone, and 419 nm
ascribed to the intramolecular charge transfer (ICT) transition
from the electron-donating (D) carbazole to the electron-
accepting (A) Bz unit of the HLCT part in the molecule. In the
solution, CPBzFC showed an intense green fluorescence with
an emission peak at 569 nm (Fig. 1) and a unit absolute
fluorescence quantum yield (@p;, = 100%), indicating a very
effective radiative electronic transition on the molecular back-
bone with negligible non-radiative losses. In the thin film, the
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Fig. 1 UV-vis absorption and PL spectra (excited at 410 nm) in toluene
solution (1.04 x 10~° M) (solid line) and neat films coated on fused silica
substrates (dashed line) (inset: photographs of emissions of solution and
powder under irradiation with a 365 nm UV lamp).

molecule kept a strong emission peaked at 550 nm with its @py,
value marginally decreasing to 82%, signaling a certain degree
of intermolecular interactions existing in the film state.

The absorption and PL behaviors of CPBzFC in different
solvents were further examined to study the solvatochromic
effect. As depicted in Fig. 2a, the absorption spectra display
virtually unchanged profiles (shape and position) with chan-
ging solvent polarity, indicating that the ground-state dipole
moment of the molecule is slightly disturbed by solvent varia-
tion. Conversely, the PL spectra tend to shift to the long-
wavelength (from 527 nm in triethylamine (TEA) to 560 nm in
tetrahydrofuran (THF) and 636 nm in dimethylformamide
(DMF)) with an increasing broadening of the emission band
as the solvent polarity increases, suggesting that the excited-
state dipole moment of the molecule is highly dependent on
the solvent polarity or the singlet higher excited state is more
polar than the lower ground state.*®*” So the emission spectra
are more affected by the polarity of the solvent than the
absorption spectra, which suggests that a large CT taking place
in the excited state.*® Additionally, the ®p; values of CPBzFC in
different solvents exhibited a decreasing trend from 100% in
toluene to 65% in dichloromethane, and 5% in acetonitrile.
The fluorescence efficiency of molecular systems that endure
effective ICT upon photoexcitation decreases down to compet-
ing excited electron transfer from the donor to the acceptor site
resulting in quenching of fluorescence.**" This solvatochro-
mic behavior proves the existence of a charge CT character in
the excited state of CPBzFC.

To inspect the effect of solvents on the emission properties
of the molecule, the correlation between the Stokes shift

Table 1 Key physical data of the synthesized CPBzFC fluorophore
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Fig. 2 (a) Normalized UV-vis absorption and PL spectra in different
solvents. (b) Linear fitting of the Lippert—Mataga model between the
Stokes shift (v, — 1) and the solvent polarity function (Af). (c) Transient
PL decay spectra in low polarity solvents and neat films.

(va — v¢) and the solvent polarity function (Af) was plotted
following the Lippert-Mataga equation,® which describes the
interactions between the solvent and dipole moment of the
fluorophore. As shown in Fig. 2b, the plot displays two linear
sections in low-polarity and high-polarity regions, defining the
existence of two different excited states.”® As a result, the
excited-state dipole moments (u.) can be estimated to be
18.20 D in low-polarity solvents (Af < 0.15) and 32.03 D in
high-polarity solvents (Af > 0.15). The small y. value of 18.20 D
is slightly higher than that of the common LE fluorophores,>
and close to that of a typical HLCT molecule N,N-diphenyl-4-(9-
phenylnaphthothiadiazol-4-yl)aniline (TPA-NZP) (i = 17.50 D),"*
denoting that in low-polarity solvents the emissive S; state
of CPBzFC retained a small part of the CT components in
addition to LE.”® Besides, the large fi, value of 32.03 D is slightly
more than that of a standard CT molecule 4-(N,N-dimethyl-
amino)benzonitrile (DMABN) (g, = 23 D),*® ascribing to the usual
CT-like excited-state. Thus, CPBzFC was a typical D-A dipolar
molecule with a CT-dominated state in more and medium polar
solvents and a mixed contribution of LE and CT states in less

j'abs(g)a

Do (%)
(nm, 10*M ' em ™)

JpL (nm)  7° (ns)

sol“/film” sol“/film” sol“/film” T,/Tss° (°C) Ag/Ag™ (V) (eV) (eV)

EQPY/E§°¢ HOMO/LUMO" Hole mobility’
(em*v s

Eqpp vs.

298 (16.09), 321 (9.17), 419 (4.55) 569/550  6.35/5.85 100/82

147/421

—1.39, 1.15, 1.38  2.53/2.41 —5.51/—2.98 7.54 x 1077

“ Measured in dilute toluene. ° Measured in thin films coated on fused silica substrates. ¢ Transient PL decay lifetime. ¢ Absolute PL quantum
yield measured using an integrating sphere. ¢ Measured by DSC (2nd scan) and TGA under a N, flow./ Obtained from the CV measurement at
50 mV s~ . ¢ Estimated from the onset of the absorption spectra in thin films: Eg"t =1240/Agnser and Egle = EQ¥set — Ennset, Where Egneer and Egpeer are
the onset potential of the oxidation and reduction, respectively. * Calculated from the onset redox potential of cyclic voltammetry: HOMO (eV) =

—(4.44 + Eg5ser) and LUMO (eV) = HOMO + EgP'. * Obtained from HOD (ITO/PEDOT : PSS/CPBzFC/Mo0,/Al).
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polar solvents. In addition, the &y, value of CPBzFC decreases
with the increasing solvent polarity, and a relatively high @, was
obtained in low polarity media (xylene (100%), chloroform
(100%), ether (100%), TEA (100%), and neat film (82%)), signify-
ing that a certain degree of the LE character has been intro-
duced; therefore, the emissive S; state in low polar solvents
comprised both CT and LE components. The interstate coupling
of LE with CT creates a new HLCT emissive state. The HLCT
state of CPBzFC in low polarity media (Af > 0.15) (xylene,
chloroform, ether, TEA, and neat films) was confirmed by
transient PL decay measurements (Fig. 2c). The spectra dis-
played single-exponential decay profiles and short lifetimes
(2.70 ns for TEA, 4.80 ns for xylene, 5.6 1 ns for ether, 5.85 ns
for neat films, and 6.35 ns for chloroform), verifying that the
excited state responsible for the PL emission of this D-A
architecture initiates from one hybridized LE and CT excited
state, forming an HLCT state rather than a simple mix-up of two
LE and CT states.””*® This finding is also in compliance well with
the results of the theoretical calculation, as discussed below (Fig. 3).

To study the electronic properties of CPBzFC, density
functional theory (DFT) calculations were carried out with the
ground-state structure optimized to a minimum using the
B3LYP/6-31G(d,p) level of theory. As depicted in Fig. 3a, its
lowest unoccupied molecular orbital (LUMO) is mainly loca-
lized on the Bz ring with a small contribution from the adjacent
phenyl rings. The highest occupied molecular orbital (HOMO)
and HOMO-1 are totally concentrated on the carbazole unit of
the attaching 3,6-(di-tert-butylcarbazol-N-yljoctyl ~moieties,
whereas the conjugated backbone of 4-(7-(carbazol-N-yl)fluoren-
2-y1)-7-(4-(carbazol-N-yl)phenyl)benzothiadiazole contributes to

.
HOMO-3
(-5.22 eV)

Hole‘

Fig. 3
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both HOMO-2 and HOMO-3 orbitals. HOMO-2 is mainly deloca-
lized on the 4+(7-(carbazol-N-yl)fluoren-2-yl)benzothiadiazole
segment and HOMO-3 is largely distributed on the 7-(4-(carba-
zol-N-yl)phenyl)benzothiadiazole part. Deliberately, such orbital
characteristics, in general, can improve the orbital coupling
interaction and retain the CT transition of the conjugated back-
bone in the excited state. Particularly, the separation of the
HOMO-2/HOMO-3 and LUMO suggests a CT-like character,
while the fractional overlap of the HOMO-2/HOMO-3 and LUMO
reveals a LE-like character, leading to a radiative decay rate and
thus high PL and EL efficiencies concurrently as the emitter
utilized in OLEDs. To further understand the excited-state
properties of the molecule, the natural transition orbitals (NTOs)
of singlet (S) and triplet (T) excited states to explore the electron
transition properties were performed based on time-dependent
(TD)-DFT using the B3LYP/6-31G(d,p) function.’® As shown in
Fig. 3b, the hole and particle of CPBzFC mainly look like its
HOMO-2/HOMO-3 and LUMO orbitals, respectively, with more
electron distributions in the Bz unit of the hole as a result of the
lessened twist angles along the conjugated backbone in the
excited state. The transitions of S, — S; and S, — S, visibly
unveil the HLCT transition characteristics, in which a significant
spatial separation but a certain overlap can be observed between
the “hole” and “particle” wave functions. Vitally, the S; state
(f=0.460) gives a much larger oscillator strength ( f) than the S,
state (f = 0.044) owing to a greater overlap of the two wave
functions or LE components, which is essential for a high PL
efficiency. The NTO analysis of the higher S and T states (Fig. 3c)
also revealed that the triplet excitons of PBzFC are mainly
decayed through T,/T5/T, — S, transitions, through a “hot exciton”

1
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’ AE=004ev |— Singlets
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(a) The optimized structure obtained in the gas phase and HOMO/LUMO distribution calculations using the B3LYP/6-31G(d,p) method. (b) The

natural transition orbits (NTOs) of Sg — S; and So — S4 transitions calculated using the TD-B3LYP/6-31G(d,p) function. The percentage is the proportion
of transitions. (c) The energy diagram of the singlet (S) and triplet (T) excited states.
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reverse intersystem crossing (hRISC) process.>*°%°"

Meanwhile,
the energy gap between T; and T, of 1.04 €V is strong enough to
suppress a non-radiative interconversion (IC) transition from T,
to T, ensuing a favorable RISC process of T, — S, transition.®*®?
There is also a large AEgr (S; — Ty) (1.01 eV); thus, a RISC
process (T; — S; transition) via the thermally activated delayed
fluorescence (TADF) mechanism is considered to be rationally
unlikely.®*

The thermal properties analyzed by thermogravimetric ana-
lysis (TGA) and differential scanning calorimetry (DSC) under a
nitrogen atmosphere revealed that PBzFC was an amorphous
material with high thermal stability. The TGA curve exhibited
decomposition temperatures at 5% weight loss (Tsq) over
421 °C, while the DSC trace displayed a distinct endothermic
baseline shift related to a glass transition temperature (7y) at
147 °C (Fig. 4a and Table 1). The morphology of PBzFC thin
films prepared by spin coating from its toluene solution was
examined by atomic force microscopy (AFM). As shown in
Fig. 4b, a tapping-mode AFM image of the thin film exhibited
a smooth surface with no pinholes and crystalline islands like
an amorphous morphology with a root-mean-square (rms)
roughness of 0.408 nm, stating a nanoscale thin film with high
quality. The feature of high thermal stability and good film-
forming capability of PBzFC is useful and necessary for the
fabrication of OLED devices by solution-based methods.®*%°

The electronic properties and redox behavior of PBzFC were
analyzed by cyclic voltammetry (CV) measurement performed
in dichloromethane containing 0.1 M n-Bu,NPF, as a support-
ing electrolyte under an argon atmosphere. As shown in Fig. 4c,
the CV plot displays an ambipolar redox feature comprising one
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Fig. 4 (a) DSC and TGA thermograms studied at a heating rate of
10 °C min under a N, flow. (b) AFM images of the thin film. (c) Cyclic
voltammograms measured in dry CH,Cl, solution scanned at a rate of
50 mV s~ under Ar. (d) The current density—voltage (J-V) plot of the hole-
only device.
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quasi-reversible reduction and two oxidation processes (Table 1).
The reduction wave occurring at a half-wave potential (E,,,) of
—1.39 eV could be assigned to the Bz unit reduction.®”-°® The
first oxidation wave occurring at an E;;, of 1.15 V could be
related to the oxidation of 3,6-di-tert-butylcarbazole moiety
forming radical cations,*"*>® while the second oxidation wave
at an E,,, of 1.38 V could be attributed to the oxidation of the
n-conjugated 4-(7-(carbazol-N-yl)fluoren-2-yl)benzothiadiazole
fragment. Additionally, the repeated CV scans exhibited
unchanged CV traces implying that PBzFC is an electrochemi-
cally stable molecule (Fig. S1, ESIf). Based on the onset oxida-
tion (Egnser)/reduction (Egnse;) potentials, the electrochemical
bandgap (E§) was determined to be 2.41 €V, which is found to
be slightly narrower than the optical bandgap (Eg™* = 2.53 eV)
estimated from the onset of the absorption spectrum in a thin
film.”° The HOMO level was calculated from ESX .. to be
—5.51 eV, and the LUMO level was then deduced from the
HOMO and Eg™ to be —2.98 eV (Table 1). Apparently, the 3,6-di-
tert-butylcarbazole unit of the attaching 3,6-di-tert-butyl-
carbazol-N-yl)octyl parts in the molecule contributes to its
HOMO level, as observed in the DFT calculation results.
Importantly, PBzFC retains a low HOMO level, meaning that
it could be applied as a hole-transporting layer (HTL)-free
emissive material. Because, the HOMO of PBzFC matches
well with the work function of the ITO/PEDOT:PSS anode
(5.10-5.40 eV) (Fig. 5a), signifying that PBzFC can be directly
fabricated on the top of this electrode without an HTL, allowing
the fabrication of a simple structured solution-processed
OLED. Because the most demanding task for the solution-
processed multilayer OLED fabrication is getting an organic
solvent-insoluble HTL material to avoid washing away the
HTL during the solution-processed fabrication of emissive
materials. Hence, PBzFC as an HTL-free fluorophore is an ideal
emissive material for solution-processed OLEDs. The hole-
transporting properties of PBzFC in thin films were then
evaluated using the hole-only device (HOD) with the configu-
ration of ITO/PEDOT:PSS/PBzFC (100 nm)/MoOs/Al, where
molybdenum trioxide (MoO3) will serve as the hole injection
layer to block electrons from the opposite electrode, while a
thick layer of PBzFC will help to avoid charge-carrier accu-
mulation.”””* According to the space-charge-limited current
(SCLC) theory, the hole mobility can be calculated from the
current density-voltage (J-V) plot of the HOD (Fig. 4d). By
combining the Mott-Gurney equation and the Frenkel
effect,’* the hole mobility of PBzFC is estimated to be 7.54 x
107 em* v tsTh

Inspired by its high @, and solution-processed HTL-free
emissive feature, the electroluminescence (EL) properties
of PBzFC as a non-doped emitter for the simple solution-
processed OLED was evaluated with the device configuration
of ITO/PEDOT:PSS:Nf (40 nm)/PBzFC (35 nm)/TPBi (40 nm)/LiF
(1 nm)/Al (100 nm) (Fig. 5a). In this device, indium tin oxide
(ITO) and aluminum (Al) are the electrodes, lithium fluoride
(LiF) is an electron injection layer, 1,3,5-tri(1-phenyl-1H-benzo-
[d]imidazol-2-yl)phenyl (TPBi) acts as both the electron trans-
port layer and hole blocking layer, and Nafion® perfluorinated
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Fig. 5 (a) Device structure and energy levels (relative to the vacuum energy level) and the molecular structure of the organic material used. (b) EL spectra
at various applied voltages (inset: photograph of the glowing OLED device). (c) Current density—voltage—luminance (J-V-L) characteristics and (d)

current efficiency—current density—EQE (CE-J-EQE) plots.

resin (Nf) doped poly(3,4-ethylenedioxythiophene):poly(4-styrene
sulfonate) (PEDOT:PSS) (PEDOT:PSS:Nf) is utilized as a hole
injection layer. The gradient work function of this PEDOT:PSS:
Nafion®™ mixed film from —5.10 to —5.45 eV and then 5.61 eV fits
well with both the work function of the ITO (4.7 eV) anode and
the HOMO level of the PBZFC emissive layer.”>”® This would not
only reduce the energy barrier between the two layers but also
enhance the hole injection at the interfaces into the device,
giving rise to a low turn-on voltage. The results of the EL
characteristics and performances of this device are displayed
in Fig. 4 (Table 2). The solution-processed OLED showed a low
turn-on voltage (a luminance of 1 cd m~?) of 3.2 V, indicating the
efficient charge injection and transporting properties in the
device. As illustrated in Fig. 5b, the OLED exhibits a strong
yellowish-green emission peaked at 545 nm, which is close to its
PL peak in the neat films (550 nm), and the Commission
Internationale de L’Eclairage (CIE) coordinates (x, y) of (0.39,
0.57). Moreover, these EL spectra were unchanged under varying
applied voltages with no emissions from the excimer and the
exciplex at the EML/TPBi interface, suggesting the satisfied
device stability during the electrical charge injection process.
This simple structured PBzFC-based OLED delivered an excellent

EL performance with an ultrahigh brightness of (Liax)
of 30800 cd m % a maximum external quantum efficiency
(EQEmay) of 6.74%, a maximum current efficiency (CEpay) of
14.38 ¢d A", and a maximum power efficiency (PEpq.) of
13.06 Im W' (Table 2). Furthermore, the efficiency roll-off
of this device is rather small and can continue to retain a
relatively decent efficiency at high brightness. For example, its
EQE can maintain 4.52% at a practicable brightness of
1000 cd m~? and 3.20% even at a brightness of 10000 cd m ™.
However, the decrease in the efficiency of this OLED at every
high brightness could be accountable to its simple-structured
device, which could cause the leak of the charge from the
emissive layer, and an imperfect charge carrier balance in the
device.”””® Comprehensively, this PBzFC-based bilayer device
performance represents one of the best results of solution-
processed HLCT-based OLEDs reported to date (Table S1,
ESIT),**7%7% and is comparable to the EL performance of the
thermal evaporated multiple layered OLED of its paternal HLCT
molecule  4-(4-(carbazol-9-yl)phenyl)-7-phenylbenzothiadiazole
(CzP-BZP) (EQEmax = 6.95%).”> To further study the utilization
of excitons in the EL process, the exciton utilization efficiency
(EUE) was calculated using EUE = EQE/(Hout X free X ®Ppr),"" %

Table 2 Electroluminescence data of the fabricated solution-processed OLED?

EQE/CE/PE? (%, cd A™*, Im W™ 1)

Von (V) ;~EL (nm) .]max (mA Cmiz] Lmax (Cd m—z)

Maximum

@1000 cd m™>  @10000 cd m™>  CIE (x,y)  EUE® (%)

3.2 545 712 30300

6.74/14.38/13.06

4.52/11.96/7.28 3.20/8.31/3.52 0.39, 0.57 41

“ ITO/PEDOT:PSS:Nf (40 nm)/CPBzFC (35 nm)/TPBi (40 nm)/LiF (1 nm):Al (100 nm). ? External quantum efficiency/current efficiency/power

efficiency. ¢ Singlet exciton utilization efficiency.
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where 17,y is the light outcoupling efficiency which is roughly
20% for glass substrates, ®py, is the absolute PL quantum yield
of the emissive layer in a thin film (®p;, = 82%), and 7 is the
fraction of the exciton formation of the injected charge
carriers and it is 100% for ideal charge recombination.
Accordingly, the EUE was determined to be 41%. Hence, the
radiative exciton yield of this device surpassed 25% of the
conventional fluorescent OLEDs, confirming that PBzFC is an
efficient solution-processed HLCT emitter. Even so, its EQE is
modest in comparison to those of the reported state-of-the-art
multi-layer thermally evaporated HLCT-based OLEDs; this
device offers a simple non-doped device architecture (only
two solution-processed organic layers) with a low-cost fabrica-
tion process, which is desirable for practical usage.

Experimental
Materials and methods

All commercially available reagents were purchased and used
as received. "H NMR and "*C NMR spectra were recorded using
a Bruker Avance III HD 600 MHz NMR spectrometer with
tetramethylsilane as the internal standard and chloroform-d
as the solvent. High-resolution mass spectra (HRMS) were
acquired using either a Bruker Autoflex Speed MALDI TOF/
TOF mass spectrometer or a LC-Quadrupole-Time-of Flight
Tandem mass spectrometer. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) measure-
ments were carried out under a N, flow at a heating rate of
10 °C min~* using a Rigaku Thermo plus EVO2 and PerkinEl-
mer double-furnace DSC 8500. Electrochemical analyses were
performed using an Autolab potentiostat PGSTA101 with a
three-electrode system (glassy carbon as the working electrode,
Pt as the counter electrode, and Ag/AgCl as the reference
electrode) in dry CH,Cl, containing 0.1 M n-Bu,NPFg as a
supporting electrolyte under an argon atmosphere at a scan
rate of 50 mV s '. The thin-film morphology was analyzed
using a Park NX10 AFM operated in the non-contact mode
under the ambient conditions. UV-vis absorption spectra were
measured in solutions and thin films coated on quartz sub-
strates using a PerkinElmer LAMBDA 1050 spectrophotometer.
Photoluminescence (PL) spectra and PL decay profiles were
recorded using an Edinburgh Instruments FLS980 spectro-
meter. The absolute photoluminescence quantum yields (@py)
were recorded using an Edinburgh Instruments FLS980
spectrometer integrated with a calibrated integrating sphere.
Melting points were measured using a Kriiss KSPIN melting
point meter and the data were uncorrected.

The density functional theory (DFT) calculations were per-
formed using Gaussian 16 software.®* The ground state geome-
tries, HOMO/LUMO distributions, and HOMO/LUMO energy
levels were computed and completely optimized by the B3LYP/
6-31G(d) level of theory in the gas phase. The natural transition
orbitals (NTOs) calculations of singlet (S) and triplet (T) excited
states were then performed based on time-dependent (TD)-DFT
using the B3LYP/6-31G(d,p) function.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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Device fabrication and testing

The double-layered solution-processed OLED device using
CPBzFC as an emissive layer (EML) with the optimized configu-
ration of ITO/PEDOT:PSS:Nf (40 nm)/EML (35 nm)/TPBi
(40 nm)/LiF (1 nm)/Al (100 nm) was fabricated and assessed
as follows. The indium tin oxide (ITO) glass substrate with a
sheet resistance of 12 Q sq~' was cleaned with Liquinox™,
deionized water, acetone, and isopropyl alcohol, respectively.
The substrate was flushed with N, gas and surface-treated with
UV-ozone for 20 min. The substrate was then spin-coated on
top with a hole injection layer (HIL) of Nafion®™ perfluorinated
resin (Nf) doped poly(3,4-ethylenedioxythiophene):poly(4-
styrene sulfonate (PEDOT:PSS) (PEDOS:PSS:Nf) at a spin speed
of 5000 rpm for 30 seconds and dried at 120 °C for 30 min. After
this, the toluene solution of EML (2% w/v) was spin-coated on
top of the HIL at a spin speed of 3000 rpm for 30 seconds and
heated at 80 °C for 30 min. The thicknesses of all spin-coated
films were measured using a Dektak XTL stylus profilometer.
The coated substrates were then transferred to a vacuum
deposition system at a base pressure lower than 5 x 10~ ° Pa
for organic and metal depositions. The layers of 1,3,5-tri(1-
phenyl-1H-benzo[d]imidazol-2-yl)phenyl (TPBi) as both the elec-
tron transport layer and the hole blocking layer, LiF as an
electron injecting layer (EIL), and aluminum as the cathode
were thermally evaporated using a Kurt J. Lasker mini SPEC-
TROS 100 thin-film deposition system to form an active area of
4 mm?. The film thickness was monitored and controlled using
a quartz crystal microbalance (QCM) integrated with the instru-
ment. All devices were measured and analyzed using a Keithley
2400 source meter, a Hamamatsu Photonics PMA-12 multi-
channel analyzer, and an integrating sphere equipped with a
Hamamatsu photonics C9920-12 external quantum efficiency
(EQE) measurement system under an ambient condition.

Synthesis and characterization

4-(4-(Carbazol-N-yl)phenyl)-7-(4,4,5,5-tetramethyl-1,3,2-di-
oxaborolan-2-yl)benzothiadiazole (3). A mixture of 2 (0.70 g,
1.53 mmol), bis(pinacolato)diboron (0.97 g, 3.83 mmol),
KOAc (0.75 g, 7.7 mmol), and Pd(dppf),Cl, (65 mg, 0.08 mmol)
in dried toluene (45 mL) was degassed with N, for 15 min.
It was stirred under reflux for 16 h. After being cooled to room
temperature, it was filtered through Celite and eluted with
CH,Cl,. The solvent was removed to dryness. The crude was
purified by column chromatography on silica gel eluting with
CH,Cl, : hexane (1: 4) to give yellow solids (0.52 g, 67%). "H NMR
(600 MHz, CDCl;) 6 8.32 (d, J = 6.8 Hz, 1H), 8.23 (d, J = 8.3 Hz,
2H), 8.17 (d, J = 7.7 Hz, 2H), 7.76 (d, J = 8.3 Hz, 2H), 7.55 (d, J =
8.2 Hz, 2H), 7.44 (t, ] = 7.6 Hz, 2H), 7.31 (t, ] = 7.4 Hz, 2H), 1.48
(s, 12H); "*C NMR (151 MHz, CDCl;) & 140.76, 139.08, 130.88,
127.34, 127.05, 126.04, 123.57, 120.36, 120.14, 109.95, 84.46,
24.95; HRMS MALDI-TOF (m/z) caled for CzoHy6BN3;O,S:
503.1839; found: 503.0446 [M'].

9,9’-((2-Bromo-7-(3,6-di-tert-butylcarbazol-N-yl)-fluorene-9,9-
diyl)bis(octane-8,1-diyl))bis(3,6-di-tert-butylcarbazole) (7). A mix-
ture of 3,6-di-tert-butylcarbazole (0.33 g, 1.20 mmol), 6 (2.91 g,
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2.64 mmol), Cul (0.23 g, 1.20 mmol), KzPO, (1.27 g, 5.99 mmol),
and (=£)-trans-1,2-diaminocyclohexane (0.3 mL) in toluene
(15 mL) was degassed with N, for 5 min and then heated at
reflux under a N, atmosphere for 24 h. After being cooled to
room temperature, it was filtered through a plug of silica eluting
with CH,Cl,. The solvent was removed to dryness. The crude was
purified by column chromatography on silica gel eluting with
CH,Cl, : hexane (1:4) to give white solids (1.25 g, 81%). 'H NMR
(600 MHz, CDCl;) ¢ 8.17 (s, 2H), 8.08 (s, 4H), 7.81 (d, J = 7.7 Hz,
1H), 7.57 (d, J = 8.2 Hz, 1H), 7.53-7.43 (m, 10H), 7.37 (d, J =
8.6 Hz, 2H), 7.22 (d, J = 8.5 Hz, 4H), 4.15 (t, J = 7.0 Hz, 4H), 1.99-
1.90 (m, 4H), 1.80-1.70 (m, 4H), 1.48-1.43 (m, 54H), 1.33-1.25
(m, 4H), 1.20-1.14 (m, 4H), 1.12-1.02 (m, 8H), 0.77-0.63 (m, 4H);
3C NMR (151 MHz, CDCl;) 6 153.04, 151.98, 142.91, 141.34,
139.47, 139.24, 138.93, 138.77, 137.31, 130.23, 126.22, 125.49,
123.57, 123.43, 123.15, 122.62, 121.27, 121.17, 120.89, 116.37,
116.20, 109.13, 107.96, 55.63, 43.10, 40.14, 34.75, 34.62, 32.06,
32.03, 29.81, 29.28, 29.12, 29.07, 27.24, 23.79; HRMS MALDI-TOF
m/z caled for CgoH,1oN3Br: 1301.7840; found: 1221.9532 [M-Br'].
CPBzFC. A mixture of 7 (200 mg, 0.15 mmol), 3 (50 mg,
0.10 mmol), 10% K,CO; (aq) (5 mL) and Pd(PPh;), (6 mg,
0.005 mmol) in dried THF (25 mL) was degassed with N, for
10 min. It was stirred and heated to reflux under a N, atmo-
sphere for 12 h. After being cooled to room temperature, water
(50 mL) was added followed by extraction with CH,Cl, (3 x
50 mL). The combined organic layer was washed with water
(50 mL), brine solution (50 mL), dried over anhydrous Na,SOy,,
filtered, and concentrated in vacuo to dryness. The crude was
purified by column chromatography on silica gel eluting with
CH,Cl, : hexane (1:4) to give yellow solids (94 mg, 59%). M.p. =
180-181 °C. 'H NMR (600 MHz, CDCl;) 6 8.22 (d, ] = 8.0 Hz, 2H),
8.18 (d, J = 7.8 Hz, 4H), 8.07-8.01 (m, 6H), 7.95-7.87 (m, 4H),
7.77 (d, J = 8.0 Hz, 2H), 7.59-7.54 (m, 4H), 7.50-7.38 (m, 10H),
7.32 (t,J = 7.4 Hz, 2H), 7.18 (d, ] = 8.6 Hz, 4H), 4.11 (t, ] = 7.3 Hz,
4H), 2.13-1.98 (m, 4H), 1.72 (q, J = 7.6 Hz, 4H), 1.47 (s, 18H),
1.40 (s, 36H), 1.32-1.23 (m, 4H), 1.22-1.06 (m, 12H), 0.85
(s, 4H); *C NMR (151 MHz, CDCl;) § 154.3, 154.1, 152.9,
151.2, 142.9, 141.3, 140.8, 140.8, 139.3, 138.9, 137.8, 137.2,
136.4, 136.2, 134.1, 132.1, 130.7, 128.3, 127.9, 127.1, 126.0,
124.0, 123.6, 123.5, 123.4, 123.1, 122.6, 120.4, 120.1, 119.9,
116.4, 116.2, 110.0, 109.2, 107.9, 55.6, 43.1, 40.3, 34.8, 34.6,
32.1, 30.0, 29.3, 29.2, 29.1, 27.2, 24.0; HRMS MALDI-TOF (m/z)
caled for Cy13H;,4N6S: 1597.9642; found: 1597.4173 [M'].

Conclusions

In conclusion, a solution-processed fluorophore (CPBzFC) with
the HLCT character was structurally developed by connecting
7-(4-(carbazol-N-yl)phenyl)benzothiadiazole HLCT part to a hole-
transporting and highly soluble 7-(3,6-di-ter¢-butylcarbazol-N-yl)-
9,9'-bis(8-(3,6-di-tert-butylcarbazol-N-yl)octyl)fluorene =~ moiety.
CPBzFC implemented an appropriate twisted D-A conforma-
tion allowing both the locally excited (LE) and charge transfer
(CT) states to coexist with energetic closeness. CPBzFC showed
an intense yellowish-green fluorescence color at 550 nm with a
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high solid-state fluorescence quantum yield of 82%. The solva-
tochromic and theoretical findings verified that CPBzFC
retained an HLCT feature. This molecule exhibited high ther-
mal stability with a good film-forming quality, shallow HOMO
level (—5.51 eV), and decent hole mobility. It was effectively
utilized as a hole-transporting-layer-free non-doped emissive
layer in a simple structured solution-processed OLED, which
accomplished an excellent device performance with a high
brightness of 30800 cd m™ >, a maximum external quantum
efficiency (EQEmax)of 6.74%, a maximum current efficiency
(CEmay) Of 14.38 ¢d A", and a high EUE of 41%, which is
as good as the EL performance of its paternal HLCT molecule
4-(4-(carbazol-9-yl)phenyl)-7-phenylbenzothiadiazole (CzP-BZP)-
based thermal evaporated multiple layered OLED (EQEqax =
6.95%). These findings present a useful design approach for
constructing an efficient solution-processed HLCT emitter for
high efficiency simple-structured non-doped OLEDs and this
will be a helpful example for the further development of new
HLCT materials, enabling the progress of next-generation
OLEDs.
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