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Intramolecular through-space charge transfer (TSCT) excited state has been exploited for developing thermally
activated delayed fluorescence (TADF) emitters, while the adjustment of excited state dynamics by conforma-
tional engineering is still rare. Herein, we designed a series of AIE-active TADF emitters, bearing triphenylamine
as donor and phenyl ketone as acceptor unit, and the evolution of charge transfer from through-bond to through-
space is realized by controlling the relative position of the donor and acceptor units. Upon transforming the
charge transfer categories from through-bond to through-space, the reverse intersystem crossing (RISC) rate is
progressively improved by virtue of the narrower energy split between singlet and triplet states (AEgr), mean-
while, the restricted intramolecular motion suppresses the non-radiative decay effectively, resulting in obviously
improved luminescence efficiency. Appointing a bipolar blue TADF material as host to sensitize these emitters,
solution-processed organic light-emitting diodes (OLEDs) based on TSCT emitter 1 TCPM-Cz achieve maximum
current efficiency (CE) of 35.5 cd A™! and external quantum efficiency (EQE) of 13.3%, respectively, which is
higher than that of through-bond charge transfer (TBCT) analogues. The work demonstrates a convenient design
strategy to achieve high-performance TSCT emitters by regulating the conformation of the donor and acceptor.

1. Introduction be adjusted elaborately by regulating the electron interaction manner

between donor and acceptor moieties.

Over the past few years, thermally activated delayed fluorescence
(TADF) materials have received much attention as it not only employs
metal-free frameworks but also upconverts full triplet excitons into
emissive singlet excitons via reverse intersystem crossing (RISC) for
reaching ultrahigh external quantum efficiencies (EQEs) [1-8]. There-
fore, endowing TADF emitters with fast RISC rate stemmed from very
small energy difference between the singlet and triplet excited states
(AEgr) is most momentous to fabricate high-performance OLEDs [9-11].
For the aim of achieving a very small AEgr, the separation of highest
occupied molecular orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO) is requisite which could be adjusted by tuning
types of donor and acceptor, geometries and steric hindrance to generate
intramolecular charge transfer (ICT) emission [12-16]. Therefore, to
realize highly efficient TADF emitters, the properties of ICT states should
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Many highly efficient TADF emitters based on ICT including through
bond charge transfer (TBCT) and through space charge transfer (TSCT)
have been developed and applied into fabricating high-performance
OLEDs [17-20]. In TBCT emitters, the donor and acceptor moieties
are usually linked directly through single bond [21-23]. Being different
from TBCT, TSCT occurs between donor and acceptor via spatial inter-
action [24-26]. For the aim of obtaining very small AEgr, highly twisted
angle between donor and acceptor is requisite, which compels TBCT
emitters adopting appropriate donor or/and acceptor and high steric
hindrance, limiting the establishment of novel TADF emitters via
directly linking donor and acceptor fragments. Compared with TBCT,
TSCT emitters have emerged as an appealing TADF candidate owing to
its intrinsic small AEsy of TSCT nature [27-29]. In addition, for
enhancing photoluminescence quantum yields (PLQYs), restriction of
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intramolecular motion should also be taken into account. In TBCT
emitters, the donor and acceptor units are assembled directly via single
bond, demonstrating the vibrant molecular rotary motion existed which
will induce emission loss. Conversely, the free rotation in TSCT emitters
is anticipated be restricted effectively due to the intense intramolecular
interaction between donor and acceptor [30-32]. Therefore, realizing
the evolution of charge transfer categories of TADF emitters from
through-bond to through-space by succinctly controlling the relative
position of the donor and acceptor units is significant to realize fast RISC
and fabricate high-performance OLEDs.

Herein we constructed a set of AlE-active TADF emitters, bearing
electron-donating triphenylamine and electron-accepting phenyl ke-
tone. By appending the triphenylamine on the C3, C2, and C1 position of
carbazole bridge, respectively, the electron interaction manner between
donor and acceptor could be adjusted from through-bond to through-
space. Owing to the narrower AEgr induced by valid separation of
donor and acceptor, faster RISC rate was realized, and the non-radiative
decay could be suppressed effectively resulted from the restricted
intramolecular motion, resulting in improved luminescence efficiency.
Furthermore, in comparison with TBCT emitters, the TSCT displayed
enhanced AIE properties due to the strongly suppressed non-radiative
decay resulted from both highly twisted structures and restricted
intramolecular motion between donor and the acceptor moieties.
Nominating a blue TADF material as bipolar host, solution-processed
OLEDs based on TSCT emitter of 17TCPM-Cz achieve maximum cur-
rent efficiency (CE) of 35.5 cd A~! and external quantum efficiency
(EQE) of 13.3%, respectively, surpassing the TBCT analogues. These
work provide a convenient approach to develop highly efficient TSCT-
type TADF emitters by transforming the charge transfer from through
bond through space via regulating the conformation of donor and
acceptor.

2. Experimental and characterization
2.1. General information

All experimental materials and solvents were obtained from com-
mercial approach without any further purification if not particularly
mentioned. 'H NMR and '3C NMR spectra were performed on a Bruker
Advance 600 MHz using DMSO-dg and CDCl3 as solvents at room tem-
perature. Molecular masses were measured on matrix-assisted laser
desorptionionization time-of-flight mass spectrometry (MALDI-TOF-
MS) employing a BRUKER DALTONICS instrument and a-cyanohy-
droxycinnamic acid was chosen as a matrix. Elemental analyses were
carried out on VARIO EL III. UV-Vis absorption spectra were obtained
on UV-2600 (Shimadzu Corporation) and photoluminescence emission
spectra were measured from Fluoromax-4 (Horiba Jobin Yvon Inc)
spectrophotometer. The solid and solution PL quantum efficiencies of
the targeted product were measured using an integrating sphere under
Ny at room temperature. Thermogravimetric analysis (TGA) was per-
formed with Netzsch simultaneous thermal analyzer (STA) system
(STA409 PC) under a N flow at a heating rate of 10 °C min~!. Differ-
ential scanning calorimetry (DSC) curves were tested using a Netzsch
instrument (TA, Netzsch). Cyclic voltametry (CV) was performed in
CH5Cl, solution 103 M) with tetrabutylammonium hexa-
fluorophosphate (0.1 M) as supporting electrolyte and ferrocene as the
internal standard at a scan rate of 100 mV s~ ! on CHI750C voltammetric
analyzer. A platinum plate, silver wire and a platinum wire were served
as the working, reference and counter electrode, respectively. The film
surface morphology was determined by atomic force microscopy (AFM)
(Seiko Instruments, SPA-400).

2.2. Devices measurements and characterization

Before usage, the glass substrates coated with indium tin oxide (ITO)
with a sheet resistance of 15 Q per square and then sequentially cleaned
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in an ultrasonic bath with deionized water, acetone and ethanol for 15
min. A PEDOT:PSS layer (50 nm) was spin-coated onto the ITO surface
and baked at 150 °C for 10 min to remove the residual water. Then, an
EML with a thickness of about 40 nm was spin-coated from a filtered 10
mg ml~! 1, 2-dichloroethane solution onto the PEDOT: PSS layer and
annealed at 80 °C for 30 min to remove the residual solvent under Ny
atmosphere. Then, an electron-transport layer TPBi, a Cs,CO3 layer and
an Al layer were deposited consecutively onto the spin-coated film in a
vacuum chamber at ~4 x 10~% Pa with the deposition rates of 1-2 As ™!,
0.1 As7!, 6 A s, respectively. The emission area was 2 x 2 mm >
controlled through a shadow mask. All the characterizations were per-
formed at room temperature in ambient condition without encapsula-
tion. The current density and luminance versus driving voltage curves
and electroluminescence spectra were measured by a Keithley 2400s
source meter and PR655 spectra colorimeter. External quantum effi-
ciencies of the devices were calculated assuming a Lambertian emission
distribution.

2.3. Materials

2.3.1. Synthesis of 4-(9H-carbazol-3-yl)-N, N-diphenylaniline (3TC)

3-bromo-9H-carbazole (492.21 mg, 2 mmol), N,N-diphenyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (965.35 mg, 2.6
mmol), potassium carbonate (414.63 g, 3 mmol), terakis(triphenyl-
phosphine)palladium (115.56 mg, 0.1 mmol) were dissolved in a
mixture solution of tetrahydrofuran (15 ml) and water (5 ml) and
refluxed under nitrogen at 80 °C for 12 h. Then, the mixture was
extracted with dichloromethane and washed with water. The organic
layer was dried over anhydrous MgSO4 and the residue was purified on a
silica gel column using petroleum ether/dichloromethane mixture (3:1,
v/v) as eluent to afford the product as white powder (1180.6 mg, yield:
89%). 'H NMR (600 MHz, DMSO-dg): & [ppm]: 11.29 (s, 1H), 8.40 (s,
1H), 8.18 (d, J = 7.7 Hz, 1H), 7.72-7.65 (m, 3H), 7.53 (d, J = 8.4 Hz,
1H), 7.49 (d, J = 8.1 Hz, 1H), 7.39 (t, J = 7.2 Hz, 1H), 7.35-7.30 (m,
4H),7.17 (t,J =7.4 Hz, 1H), 7.10 (d, J = 8.6 Hz, 2H), 7.06 (t, J = 8.5 Hz,
6H). '3C NMR (150 MHz, CDCls) & [ppm]: 147.7, 147.0, 140.1, 139.9,
138.7, 135.8, 129.2, 128.1, 125.8, 124.4, 124.1, 123.2, 122.9, 122.3,
120.5, 120.3, 119.6, 118.8, 110.6, 108.5. Found: C, 87.6; H, 5.7; N,
6.7%; molecular formula C3gH22N2 requires: C, 87.8; H, 5.4; N, 6.8%.
MS (MALDI-TOF) [m/z]: caled for C3oHyoNy, 410.1783; found,
410.1455.

2.3.2. Synthesis of 4-(9H-carbazol-2-yD-N, N-diphenylaniline (2TC)

2TC was prepared via the same procedure to that of 3TC using 2-
bromo-9H-carbazole instead of 3-bromo-9H-carbazole as white power
(1190.5 mg, yield: 91%). 'H NMR (600 MHz, DMSO-de): & [ppm]: 11.28
(s, 1H), 8.15 (d, J = 8.1 Hz, 1H), 8.11 (d, J = 7.7 Hz, 1H), 7.73-7.65 (m,
3H), 7.49 (d, J = 8.1 Hz, 1H), 7.44 (dd, J = 8.2, 1.4 Hz, 1H), 7.40-7.30
(m, 5H), 7.19-7.04 (m, 9H). 13C NMR (150 MHz, CDCl3) 6 [ppm]: 147.8,
146.5, 139.9, 138.7, 136.4, 132.5, 129.2, 127.9, 126.0, 125.1, 124.5,
124.2,123.9,123.5,122.7,120.4,119.6,118.4,110.8, 110.7. Found: C,
88.0; H, 5.3; N, 6.7%; molecular formula C3gH3,N3 requires: C, 87.8; H,
5.4; N, 6.8%. MS (MALDI-TOF) [m/z]: calcd for C3gHaoNo, 410.1783;
found, 410.6247.

2.3.3. Synthesis of (4-(9H-carbazol-9-yDphenyl) (4-bromophenyD)
methanone (BrPM-Cz)

Bis(4-bromophenyl)methanone (680.02 mg, 2 mmol), carbazole
(334.4 mg, 2 mmol), Pd(OAc), (8.98 mg, 0.04 mmol), HP(t-Bu)3BF4
(11.6 mg, 0.04 mmol), t-BuONa (288.3 mg, 1.3 mmol) were dissolved in
30 ml toluene refluxed for 24 h under nitrogen. After cooled, the mixture
was extracted with dichloromethane and washed with brine for three
times. After dried over anhydrous NaySOy, the solvent was removed
under reduced pressure and the residue was purified with column
chromatography on silica gel using petroleum ether/dichloromethane
mixture (5:1, v/v) as the eluent to afford the product as white powder
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(857.3 mg, yield: 53%). 'H NMR (600 MHz, DMSO-dg): 8 [ppm]: 8.15 (d,
J=7.8 Hz, 2H), 8.04 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.5 Hz, 2H), 7.74
(d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.2 Hz, 2H),
7.47-7.42 (m, 2H), 7.33 (t, J = 7.4 Hz, 2H). 1*C NMR (150 MHz, CDCls)
S [ppm]: 194.5, 142.0, 140.2, 136.2, 135.5, 131.8, 131.8, 131.6, 127.8,
126.4, 126.3, 123.9, 120.7, 120.5, 109.8. Found: C, 70.8; H, 3.7; N,
3.4%; molecular formula Cy5H14BrNO requires C, 70.4; H, 3.8; N, 3.3%.
MS (MALDI-TOF) [m/z]: caled for CysHyp6BrNO, 425.0415; found,
426.4393.

2.3.4. Synthesis of (4-(3-(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)
phenyD) (phenyDmethanone (3TCPM)

3TCPM was prepared via the same procedure to that of BrPM-Cz
using (4-bromophenyl)(phenyl)methanone and 3 TC instead of bis(4-
bromophenyl)methanone and carbazole as green power (564.2 mg,
yield: 84%). 'H NMR (600 MHz, CDCls): § [ppm]: 8.34 (s, 1H), 8.19 (d, J
= 7.7 Hz, 1H), 8.10 (d, J = 8.5 Hz, 2H), 7.95-7.90 (m, 2H), 7.76 (d, J =
8.5 Hz, 2H), 7.68-7.64 (m, 2H), 7.61 (d, J = 8.6 Hz, 2H), 7.59-7.54 (m,
4H), 7.48-7.45 (m, 1H), 7.35 (t,J = 7.1 Hz, 1H), 7.29 (t, J = 7.9 Hz, 4H),
7.20 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 7.8 Hz, 4H), 7.04 (t, J = 7.3 Hz,
2H). '3C NMR (150 MHz, CDCl3) 5 [ppm]: 195.6, 147.8, 146.7, 141.7,
140.7, 139.5, 137.5, 136.0, 133.7, 132.7, 132.0, 130.1, 129.3, 128.5,
128.0, 126.4, 126.2, 125.4, 124.4, 124.4, 124.3, 124.0, 122.8, 120.8,
120.5, 118.5, 110.1, 110.0. Found: C, 87.5; H, 5.4; N, 4.3%; molecular
formula C43H30N20 requires C, 87.4; H, 5.1; N, 4.7%. MS (MALDI-TOF)
[m/z]: caled for C43H30N20, 590.2358; found, 590.1614.

2.3.5. Synthesis of (4-(2-(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)
phenyD (phenyDmethanone (2TCPM)

2TCPM was prepared via the same procedure to that of BrPM-Cz
using (4-bromophenyl)(phenyl)methanone and 2 TC instead of bis(4-
bromophenyl)methanone and carbazole as green power (550.7 mg,
yield: 82%). 'H NMR (600 MHz, DMSO-ds): § [ppm]: 8.32 (d, J = 8.1 Hz,
1H), 8.28 (d, J = 7.7 Hz, 1H), 8.06 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.3
Hz, 2H), 7.87 (d, J = 7.4 Hz, 2H), 7.72 (t, J = 7.4 Hz, 1H), 7.69 (s, 1H),
7.66 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 7.7 Hz, 2H), 7.60 (d, J = 2.7 Hz,
1H), 7.55 (d, J = 8.2 Hz, 1H), 7.47 (t, J = 7.6 Hz, 1H), 7.36-7.30 (m,
5H), 7.08 (s, 1H), 7.07-7.03 (m, 7H). 13C NMR (150 MHz, CDCl3) &
[ppml]: 195.7, 147.7, 147.2, 141.7, 141.0, 140.8, 139.4, 137.5, 136.2,
135.7, 132.7, 132.0, 130.1, 129.3, 128.5, 128.2, 126.5, 126.1, 124.4,
124.0, 123.7, 123.0, 122.7, 120.8, 120.7, 120.5, 112.0, 109.8, 107.8.
Found: C, 87.1; H, 5.5; N, 5.0%; molecular formula C43H3oN2O requires
C, 87.4; H, 5.1; N, 4.7%. MS (MALDI-TOF) [m/z]: calcd for C43H30N50,
590.2358; found, 590.1312.

2.3.6. Synthesis of (4-(1-(4-(diphenylamino)phenyl)-9H-carbazol-9-yl)
phenyl) (phenyl)methanone (1TCPM)

1 TC (821.04 mg, 2 mmol), (4-bromophenyl)(phenyl)methanone
(680.02 mg, 2 mmol), [1,1'-biphenyl]-2-yldicyclohexylphosphine
(852.63 mg, 2 mmol), t-BuONa (288.3 mg, 3 mmol), and Pdy(dba)s
(36.63 mg, 0.04 mmol) were dissolved in 30 ml toluene and refluxed for
24 h under nitrogen. After cooled, the mixture was extracted with
dichloromethane and washed with brine for three times. After dried over
anhydrous NajSOg4, the solvent was removed under reduced pressure
and the residue was purified with column chromatography on silica gel
using petroleum ether/dichloromethane mixture (5:1, v/v) as the eluent
to afford the product as green powder (705.5 mg, yield: 47%). 'H NMR
(600 MHz, CDCl3): § [ppm]: 1H NMR (600 MHz, CDCI3) § 8.20-8.13 (m,
2H), 7.78 (d, J = 7.1 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 7.58 (t, J = 7.4
Hz, 1H), 7.45 (t,J = 7.8 Hz, 2H), 7.43-7.38 (m, 3H), 7.37-7.31 (m, 2H),
7.23 (d, J = 8.4 Hz, 2H), 7.22-7.17 (m, 4H), 6.98 (t, J = 8.1 Hz, 4H),
6.94 (d, J = 7.6 Hz, 4H), 6.76 (d, J = 8.5 Hz, 2H). '3C NMR (150 MHz,
CDCl3) 6 [ppm]: 195.4, 147.5, 146.5, 143.0, 142.0, 137.7,137.7, 135.2,
132.8, 132.3, 130.7, 130.0, 129.9, 129.3, 128.9, 128.4, 127.5, 126.6,
126.3, 125.5, 124.7, 123.8, 123.1, 121.8, 120.8, 120.7, 120.3, 119.2,
110.0. Found: C, 87.1; H, 5.4; N, 5.0%; molecular formula C43H39N20
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requires C, 87.4; H, 5.1; N, 4.7%. MS (MALDI-TOF) [m/z]: calcd for
C43H30N20, 590.2358; found, 590.1807.

2.3.7. Synthesis of (4-(9H-carbazol-9-yl)phenyl)(4-(1-(4-
(diphenylamino)phenyD)-9H-carbazol-9-yDphenyDmethanone (1TCPM-
Cz)

1TCPM-Cz was prepared via the same procedure to that of 17TCPM
using BrPM-Cz instead of (4-bromophenyl)(phenyl)methanone as green
power (368.2 mg, yield: 44%). H NMR (600 MHz, CDCl3): § [ppm]:
8.15-8.07 (m, 4H), 7.97 (d, J = 8.3 Hz, 2H), 7.78 (d, J = 8.3 Hz, 2H),
7.63 (d, J = 8.3 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 7.39-7.32 (m, 6H),
7.27 (dd, J = 14.5, 7.2 Hz, 3H), 7.23 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.3
Hz, 2H), 7.10 (t, J = 7.8 Hz, 4H), 6.95 (d, J = 8.4 Hz, 2H), 6.93-6.85 (m,
6H), 6.72 (d, J = 8.4 Hz, 2H). 13C NMR (150 MHz, CDClg) § [ppm]:
194.3, 147.4, 146.4, 143.2, 141.9, 141.6, 140.3, 137.7, 136.0, 135.0,
132.9, 131.8, 130.6, 129.9, 129.3, 129.0, 127.6, 126.6, 126.4, 126.4,
126.2, 125.5, 124.5, 123.9, 123.8, 123.1, 122.1, 120.9, 120.8, 120.6,
120.5, 120.3, 119.2, 110.0, 109.8. Found: C, 87.1; H, 4.6; N, 5.9%;
molecular formula CssH3yN3O requires C, 87.4; H, 4.9; N, 5.6%. MS
(MALDI-TOF) [m/z]: calcd for CssH3yN30O, 755.2937; found, 755.2093.

3. Result and discussion

The chemical structures and design strategy of the objective TADF
emitters are presented in Fig. 1 and the synthetic strategy is shown in
Scheme 1. The key intermediates of 3 TC and 2 TC were routinely
synthesized by linking the triphenylamine unit with corresponding
bromine-substituted carbazole moieties via Suzuki coupling reaction.
The intermediate 1 TC was synthesized according to previous literatures
[26]. Then, these intermediates were reacted with the (4-bromophenyl)
(phenyl)methanone by means of Buchwald-Hartwig reaction, affording
the desired TADF emitters, namely: 3TCPM, 2TCPM, and 1TCPM.
Furthermore, 17TCPM-Cz was designed by introducing an additional
carbazole unit to the phenyl ketone for the purpose of increasing mo-
lecular rigidity and radiative efficiency. It could be speculated that the
types of charge transfer process in these emitters could be regulated
from the TBCT to TSCT due to the geometric restraint resulted from the
relative position of donor and acceptor units. As well known, the concept
of regioisomer is of significant in adjusting molecular properties in
various application fields such as OLEDs, organic field-effect transistors
(OFETs), and organic photovoltaic (OPVs) [33-37]. Therefore, the
impact of regioisomers on the electroluminescence properties are also
investigated using the regioisomeric compounds of 3TCPM, 2TCPM,

TBCT | 0 T
: 9 o8
| & @) ;
' 3TCPM 2TCPM i

vs\‘\“sﬁng substituted Posit,
”

H
0

& &
TSCT
1TCPM 1TCPM-Cz

Fig. 1. Molecular structures and design strategy of the targeted TADF emitters.
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K2CO03, P(t-Bu)3, reflux; (iv) [1,1’-biphenyl]-2-yldicyclohexylphosphine, t-BuONa, Pd.(dba)s, toluene, reflux.

and 1TCPM. These TADF materials were purified through silica gel
column chromatography, followed by recrystallization before mea-
surements and device fabrication processes. The molecular structures
were fully confirmed by 'H and '*C NMR spectroscopies, elemental
analyses and matrix-assisted laser desorptionionization time-of-flight

mass spectrometry (MALDI-TOF-MS).

3.1. Theoretical calculations

To better comprehend the relationship between the molecular spatial

level, geometry configuration and frontier molecular orbitals were
conducted employing density functional theory (DFT) calculation under
the level of B3LYP/6-31G (d). The frequency calculations have been
performed to ensure that the optimized geometry is a minimum. As
shown in Fig. 2, in the optimized molecular structures, the dihedral

angles between the carbazole bridge and triphenylamine was 58.16° and
53.20° for 1'TCPM and 1TCPM-Cz, respectively, which were larger than
that of 3TCPM and 2TCPM (35.14° and 34.55°, respectively). The
highly twisted configuration of 1TCPM and 1TCPM-Cz could be
attributed to the huge steric hindrance between donor and acceptor and

structures and photophysical properties of the four emitters at molecular
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The HOMOs of these emitters were all distributed on the triphenyl-
amine groups due to the stronger electron-donating ability, and the
LUMOs mainly located on the phenyl ketone group resulted from the
electron-deficient property. Accordingly, it could be speculated that
charge transfer of 3TCPM occurred mainly through bond due to the
directly linking of donor and acceptor. As for 1T TCPM and 1TCPM-Cz,
TSCT of the spatially close donor and acceptor could be anticipated.
These emitters possessed the similar LUMO levels of —2.00 eV to —2.09
eV due to the acceptors were all phenyl ketone. Based on the time-
dependent density functional theory (TD-DFT) calculations using
diffuse functions of 6-31G + (d), the AEgt were computed. Thanks to the
HOMO and LUMO distributions of 17TCPM and 1TCPM-Cz were com-
mendably separated, smaller AEgr values (0.0062 eV and 0.0069 eV,
respectively) could be expected, which was smaller than that of 3STCPM
and 2TCPM (0.0982 eV and 0.0138 eV, respectively). The very small
AEgr values made 1TCPM and 1TCPM-Cz promising TADF candidates
by promoting RISC. Moreover, as presented in Fig. S9, the ortho-
positioned triphenylamine units showed a close proximity with the
acceptor units with the distance of 3.22-3.68 A in 1TCPM and
3.21-4.51 A in 1TCPM-Cz, indicating the possibility of charge transfer
through space existed. Besides, the HOMO-1 of these emitters was sit-
uated at the carbazole units, which was favorable to the carrier injec-
tion, transport and recombination processes [38]. The first singlet and
triplet excited states were further analyzed by natural transition orbitals
(NTOs) and given in Fig. S5, the holes of the emitters were mainly
localized at the triphenylamine and partly expanded to carbazole bridge,
and the particles were situated at phenyl ketone, suggesting a predom-
inant charge transfer of these emitters, which was consistent with the
fluorescence and phosphorescence spectra. Furthermore, the spin den-
sity of triplet states of the emitters were calculated and presented in
Fig. S7. The calculated spin densities of the triplet states were mainly
distributed on the phenyl ketone moieties and slightly distributed on the
donor part. Therefore, the spatially close donor in TSCT emitters could
prevent the interaction of triplets between neighbouring molecules more
effective in solid states, benefiting to alleviate triplet-triplet
annihilation.
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3.2. Photophysical properties

The UV-vis absorptions of the emitters in toluene were presented in
Fig. 3. The higher energy absorptions from 290 to 320 nm were stemmed
from the n-n* transitions of the conjugated aromatic skeleton, and the
low energy absorption band at 350 nm can be attributed to the ICT
transition. From the fluorescence spectra in toluene, 2TCPM, 1TCPM,
and 1TCPM-Cz displayed dual emissions, which could attributed to the
local excitation (LE) states of the donor or acceptor and CT states
emission from the donor-acceptor charge transfer [25]. The emissions in
various solvents with different polarity were further investigated. As
shown in Fig. S1, with the increased polarity, the CT states emission of
2TCPM, 1TCPM, and 1TCPM-Cz exhibited obvious bathochromic shifts,
while only slight change of emission peaks from LE states could be
observed, which confirmed the dual emissions were from LE and CT
states. The TSCT emitters of 1TCPM, and 1TCPM-Cz expressed intense
and single emissions in neat films at room temperature, demonstrating
favorable donor-acceptor combination in solid state. The phosphores-
cence spectra measured in neat films at 77 K were shown in Fig. 4. The
S1/T1 energy levels were 2.71/2.55, 2.81/2.44, 2.78/2.76 and
2.75/2.71 eV of 3TCPM, 2TCPM, 1TCPM, and 1TCPM-Cz, respectively.
Therefore, the AEgt was calculated to be 0.26, 0.37, 0.02 and 0.04 eV for
3TCPM, 2TCPM, 1TCPM, and 1TCPM-Cz, respectively. It is noteworthy
that the AEgr of 17TCPM and 1TCPM-Cz were narrower than that of
3TCPM and 2TCPM, resulting from the fortified separation of HOMO
and LUMO and beneficial for more effective RISC from triplet to singlet
states (see Table 1).

For the aim of notarizing TADF behaviors, the transient PL decay
curves in neat films were performed under N3 atmosphere. The decays of
the emitters presented in Fig. 3 (d) were bi-exponential which involving
prompt and delayed components. The summarized data of prompt and
delayed lifetimes were displayed in Table 2. The short lifetime compo-
nents of these emitters (13.1-21.2 ns) could be attributed to the con-
ventional fluorescence. Their long-delayed components (1.6-2.3 ps)
were caused by the transition of delayed S; from the non-radiative Ty
state via the reverse intersystem. For further confirming TADF feature,
the transient PL decay curves of the emitters were measured in toluene
solution under N3 and air, respectively (Fig. S4). The increased delayed
components under Ny in comparison with air implied that the emitters
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Fig. 3. The UV-vis absorptions (a) and fluorescence spectra (b) of these emitters measured in toluene solution (107° M). (¢) The fluorescence spectra in neat film
states. (d) The transient PL decay spectra in neat film states at room temperature under N, atmosphere.
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Table 1
Photophysical and electrochemical parameters of these TADF emitters.
Compound Ta*/Tg" Nabs” Aem® E HOMO® LUMO' s§/Th AEgr!
[°C] [nm] [nm] [eV] [eV] [eV] [eV] [eV]
3TCPM 367/- 335 478 2.39 —5.55 3.16 2.81/2.55 0.26
2TCPM 377/148 350 425, 464 2.43 —5.58 3.15 2.81/2.44 0.37
1TCPM 407/- 345 411, 510 2.33 —5.51 3.18 2.78/2.76 0.02
1TCPM-Cz 433/- 346 411, 521 2.30 —5.36 3.06 2.75/2.71 0.04

T4 and T, were measured by TGA and DSC. PMeasured in toluene solution (1073 M). “Measured in toluene solution (10~° M). dEstimated from the absorption onset.

“Determined from the cyclic voltammograms. The oxidation potential of Fc/Fc™ was measured to be 0.35 eV. HOMO = — (4.8 +

0X
Eonset

—0.35) eV. LUMO = HOMO + E,,.

#Determined from the onset of the fluorescence spectra in neat films at 300 K. "Obtained at 77 K in neat films. 'Splitting between S; and T; energy.

Table 2

Photophysical characteristics and kinetic parameters of the TADF emitters in neat film states.
Emitter op” ?p° 0d® Tp° q¢ ke, ¢ Ko, s kisc* krisc®

[%] [%] [%] [ns] [us] [107s71] [10°s71] [107s7] [10°s7]

3TCPM 35 16 19 19.7 2.1 0.81 1.48 2.80 1.05
2TCPM 20 9 11 21.2 2.3 0.43 1.74 2.45 0.94
1TCPM 50 13 38 14.2 1.7 0.89 0.87 5.95 2.34
1TCPM-Cz 57 12 45 13.1 1.6 0.92 0.69 5.99 2.97

#Measured in neat films using integrating sphere under N». b<1>p and @4 are the prompt fluorescence and delayed fluorescence quantum yield, respectively; 7, and 74 are
the lifetimes of the prompt and delayed decay components, respectively. dkr‘ s, knr. s, kisc and kgisc are the rate constant for fluorescence radiative transition, non-
radiative transition, intersystem crossing (ISC) and reverse intersystem crossing (RISC) processes, respectively.

had TADF feature. These results confirmed that all the emitters had
TADF feature. Moreover, Fig. 4 gave the time-resolved photo-
luminescence spectra measured in neat film state under N, at 300 K. The
observed similar shape of photoluminescence spectra before and after
applying delay time (0.001 ms) manifesting that the delayed emission
stemmed from the S; states through reversed process [39,40].

To further investigate the exciton utilization, the PLQYs of these
emitters in solid states were obtained. The PLQYs of 1TCPM and
1TCPM-Cz were measured to be 50% and 57%, respectively, which was
higher than that of 3TCPM and 2TCPM with the values of 35% and 20%,
respectively. Further, the kinetic parameters were analyzed and sum-
marized in Table 2. Although the k. s values of 17TCPM and 1TCPM-Cz

were similar with 3TCPM, however, their k,. s values were decreased
obviously, suggesting the effectively suppressed non-radiative transition
resulted from strong intramolecular interactions. Meanwhile, 1 TCPM
and 1TCPM-Cz possessed higher kgrisc values in comparison with
3TCPM, which could ascribed for their very small AEgr after trans-
forming the charge transfer process from the TBCT to TSCT.

To investigate the aggregation-induced emission (AIE) characteris-
tics, the PL behaviors of these emitters were performed to survey the
emission intensity variation in THF/water mixed solvents at various
water fractions. As shown in Fig. 5 (a) and (b) and S3, 1TCPM-Cz
exhibited a weak emission in a pure THF solution. Upon increasing the
water fractions to 30%, a decrease of emission intensity was observed
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Fig. 5. PL spectra of 1TCPM (a) and 1TCPM-Cz (c) in THF/water mixtures at different water fractions. Plots of I/, values versus water fractions of 17TCPM (b) and
1TCPM-Cz (d). I, is the PL intensity in pure THF solvent. Inset: photos of the emitters in corresponding THF/water mixtures under 365 nm excitation.

with a bathochromic-shift, owing to the dark twisted intramolecular
charge transfer (TICT) state [41]. However, further increase of the water
fractions to 99%, the emission became much stronger with a slight
blue-shifted emission. The PL spectra of other emitters were also per-
formed upon increasing the water fraction from 0% to 99% and a similar
behavior could be observed. The PLQYs values in pure THF solution of
3TCPM was 4%, and that of 2TCPM, 1TCPM and 1TCPM-Cz were below
1%, which was lower than the values (3TCPM, 2TCPM, 1TCPM and
1TCPM-Cz were measured to be 16%, 29%, 47% and 53%, respectively)
obtained in mixed solution (THF/water 99%). These results clearly
indicated that all emitters featured typical AIE characteristics [42,43].
Further, the asrg of 17TCPM and 1TCPM-Cz were determined to be 307
and 556, respectively, which was higher than that of 3TCPM and
2TCPM with the values of 193 and 130, respectively [44]. On one hand,
the increased emission intensity could attribute to the intramolecular
rotation requisite for the formation of a TICT state was obstructive after
molecular aggregation. On the other hand, compared with 3TCPM and
2TCPM, the enhanced AIE effect of 1TTCPM and 1TCPM-Cz could be
ascribed to the strongly suppressed non-radiative decay resulted from
both highly twisted structures and restricted intramolecular motion
between the donor and acceptor [45].
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3.3. Thermal properties

Thermogravimetric analyzer (TGA) and differential scanning calo-
rimeter (DSC) were performed to explore the thermal stability of these
emitters and presented in Fig. 6. All the emitters exhibited high
decomposition temperatures (T4, the temperature corresponding to 5%
weight loss of the initial weight) around 367-433 °C. Furthermore,
higher T4 with slightly increased values of the TSCT emitters of 1 TCPM
and 1TCPM-Cz could be observed in comparison with TBCT emitters of
3TCPM and 2TCPM, suggesting that incorporating TSCT could enhance
the molecular rigidity. Meanwhile, except 2TCPM displayed a high glass
transition temperature (Tg) at 148 °C, no obvious T could be detected
from 30 to 200 °C for 3TCPM, 1TCPM, and 1TCPM-Cz. The improved
thermal stability would benefit device stability during the solution
process.

3.4. Electrochemical properties

For the sake of getting the frontier orbital energy levels, the elec-
trochemical behaviors of these emitters were measured using cyclic
voltammetry (CV) and plotted in Fig. 7. Two consecutive oxidation

(b)

——1TCPM-Cz

Exothermic —
l
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Fig. 6. TGA (a) and DSC (b) curves of these emitters at a heating rate of 10 °C min~! under N,.
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Fig. 7. Cyclic voltammetry (CV) of these emitters.

waves in CH,Cly could be observed with peak potentials at 1.20 V and
1.49 V of 1TCPM-Cz and 1.24 V and 1.70 V for 17TCPM. 3TCPM and
2TCPM also displayed two oxidation waves with the peaks at 1.27 V and
1.73 V, 1.25 V and 1.70 V, respectively. The potential for the first
oxidation peak of 1TCPM-Cz was lower than that of other emitters,
demonstrating an easier oxidation process of 1TCPM-Cz. The HOMO
energy level should be determined by their respective onset of the first
oxidation peak of front scan (1.10 V, 1.13 V, 1.06 V and 0.91 V for
3TCPM, 2TCPM, 1TCPM and 1TCPM-Cz, respectively). The HOMO
energy levels of 3TCPM, 2TCPM, 1TCPM, and 1TCPM-Cz were esti-
mated to be —5.55 eV, —5.58 eV, —5.51 eV, and —5.36 eV respectively,
according to the onset potentials. The LUMO energy levels were found to
be —3.16 eV, —3.15 eV, —3.18 eV and —3.06 eV for 3TCPM, 2TCPM,
1TCPM, and 1TCPM-Cz, respectively, which were calculated from the
HOMO and optical band gap (Eyg).

3.5. Properties for solution processing

Solution process abilities and film-forming ability closely relevant to
the solubility of emitters in common solvents such as 1,2-dichloro-
ethane, CH,Cly, CHCl3, and THF. The emitters exhibited superior solu-
bility in these solvents, making them suitable for constructing solution-
processed OLEDs. For better understanding the film-forming ability of
the emitter (20 wt%) doped CzAcSF films, the surface morphologies of
the blended films deposited by spin-coating were investigated by atomic
force microscopy (AFM). As presented in Fig. 8, the tiny root-mean-
square (RMS) roughness within the range of 0.311-0.372 nm,

Dyes and Pigments 188 (2021) 109208

indicative of the prepared films were smooth and uniform. Besides, no
significant particle aggregation or phase separation occurred in the
blended films and the favorable morphology of the films further
confirmed that these emitters were suitable for solution process [46].

3.6. Electroluminescence properties

Solution-processed devices were fabricated to explore the EL per-
formance of these TADF molecules. The architecture was ITO/PEDOT:
PSS (40 nm)/EML (40 nm)/TPBi (30 nm)/CsyCO3 (2 nm)/Al (100 nm),
in which poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT: PSS) and CspCO3 were hole- and electron-injection layers
(HIL and EIL), and 1,3,5-tris(1-phenyl-1H-benzo[d]imidazole-2-yl)ben-
zene (TPBi) was employed as an electron transporting layer (ETL). The
emission layers were prepared with these AIE-active TADF emitters spin-
coated films.

Based on the previous literatures, in the TADF-sensitized OLEDs, the
T excitons could be transited to S; through RISC and then transferred
from the host to the guest by Forster energy transfer (FET) process,
showing improved device efficiency than that of traditional host [47,
48]. Inspired by the advantages of TADF host, a bipolar blue TADF
molecule of CzAcSF with high triplet energy level (3.04 eV) was selected
as the host to fabricate devices and guarantee the T; excitons into the
guests effectively [49]. The TADF emitters of 3TCPM, 2TCPM, 1TCPM,
and 1TCPM-Cz were doped into the CzAcSF host with the optimized
doping concentration of 20 wt%. The device architectures and perfor-
mances of the solution-processed OLEDs were displayed in Fig. 9 and the
detailed EL parameters were presented in Table 3. The EL spectra of
these AlE-active TADF emitters based devices originated exclusively
from the EML without emission from the adjacent layers, testifying the
complete charge recombination in EML without any energy leakage. The
TSCT emitter 1TCPM-Cz-based device exhibited a green EL (505 nm)
with the Commission Internationale de L’Eclairage coordinates of (0.29,
0.48), and a maximum CE of 35.5 c¢d A~! and EQE of 13.3%, respec-
tively. In consistence with the luminescence efficiency, TSCT emitter
1TCPM-based device displayed relatively lower maximum CE and EQE
of 17.9 ¢cd A™! and 7.6%, respectively, with the Commission Inter-
nationale de L’Eclairage coordinates of (0.26, 0.42). Conversely, the
devices based on TBCT emitters of 3TCPM and 1TCPM showed rela-
tively inferior efficiency with the maximum GE of 8.0 cd A~! and 3.9 cd
A, as well as the EQE of 3.4% and 1.8%, respectively. In view of the
relatively high luminescence efficiency of 3TCPM and 1TCPM in neat
films, the non-doped devices employing the emitters were further
fabricated with the same configuration (Fig. S10 and Table S1). The
devices based on TBCT emitters of 17TCPM-Cz and 1TCPM exhibited
maximum EQE of 3.7% and 2.3%, respectively, which was also better
than that of TSCT emitters. The improved EL performance of TSCT-based
TADF emitters could be explained by the following reasons. On one
hand, own to the very small AEST , faster RISC realized, and therefore
the ability of harvesting triplet excitons and converting them to singlet
excitons for radiation of 1TCPM-Cz and 1TCPM were improved effica-
ciously in EL process. On another hand, the non-radiative decay could be
restricted effectively own to the stronger intramolecular interaction and
limited intramolecular motion. The results further demonstrated the
feasibility of exploring high-performance TSCT TADF emitters by
transforming the charge transfer from through bond to through space
via regulating the conformation of donor and acceptor.

4. Conclusion

In this work, a series of AlE-active TADF emitters adopting triphe-
nylamine as donor and phenyl ketone as acceptor unit were designed
and developed. Via controlling the position of the donor and acceptor,
the evolution of charge transfer category from through-bond to through-
space was achieved. By virtue of the narrower AEgr induced by valid
separation of donor and acceptor, the reverse intersystem crossing



F. Ma et al.

3TCPM (20 wt%): CzAcSF

Dyes and Pigments 188 (2021) 109208

2TCPM (20 wt%): CzAcSF

RMS=0.354 nm

1TCPM (20 wt%): CzAcSF

(c)

RMS=0.372 nm

Fig. 8. AFM topographic images of the solution-processed doped films of the emitters (20 wt%) in CzAcSF.
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(RISC) rate improved obviously, meanwhile, the restricted intra-
molecular motion suppresses the non-radiative decay effectively,
resulting in improved luminescence efficiency. Furthermore, in com-
parison with TBCT emitters, the TSCT displayed enhanced AIE proper-
ties due to the strongly suppressed non-radiative decay resulted from
both highly twisted structures and restricted intramolecular motion
between donor and the acceptor. Consequently, solution-processed
OLEDs based on TSCT emitter of 1TCPM-Cz achieve a maximum CE of
35.5 cd A~! and EQE of 13.3%, respectively, with a bipolar blue TADF

material as host, displaying higher performance than TBCT analogues.
The work provides a convenient design manner to realize high-
performance TSCT-type emitters via regulating the conformation of
the donor and acceptor.
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Table 3
Electroluminescence characteristics of the solution-processed devices.
Device Aem Von®  CEmax’  Lmax’  EQEma’  PEma”  CIE
[nm]  [V] [cd [cd [%] [Im x,y)
A m'] w1
3TCPM 487 3.9 8.0 615 3.4 4.2 (0.27,
0.43)
2TCPM 471 4.4 3.9 568 1.8 1.7 (0.21,
0.29)
1TCPM 489 3.8 17.9 1472 7.6 11.2 (0.26,
0.42)
1TCPM- 505 3.8 35.5 1738 13.3 22.3 (0.29,
Cz 0.48)

2 Turn-on voltage measured at 1 cd m~2,

b CEmax = maximum current efficiency.

¢ Lmax = maximum luminance.

4 EQEmax = maximum external quantum efficiency.
¢ PEmax = maximum power efficiency.

f Commission International de I'Eclairage coordinates at 1 cd m™2.
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