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onitrile as an acceptor in deep-
blue thermally activated delayed fluorescence
emitters for narrowing charge-transfer emissions†

Chin-Yiu Chan,‡*a Yi-Ting Lee,‡a Masashi Mamada, a Kenichi Goushi,a

Youichi Tsuchiya, a Hajime Nakanotaniab and Chihaya Adachi *ab

This work reports a new acceptor for constructing donor–acceptor type (D–A type) blue thermally

activated delayed fluorescence (TADF) emitters with narrowed charge-transfer (CT) emissions. A new

acceptor core, carbazole-2-carbonitrile (CCN), is formed by the fusion of carbazole and benzonitrile.

Three D–A type TADF emitters based on the CCN acceptor, namely 3CzCCN, 3MeCzCCN, and

3PhCzCCN, have been successfully synthesized and characterized. These emitters show deep-blue

emissions from 439 to 457 nm with high photoluminescence quantum yields of up to 85% in degassed

toluene solutions. Interestingly, all CCN-based deep-blue TADF emitters result in narrow CT emissions

with full-width at half-maximums (FWHMs) of less than 50 nm in toluene solutions, which are pretty

narrower compared with those of typical D–A type TADF emitters. Devices based on these emitters

show high maximum external quantum efficiencies of up to 17.5%.
Introduction

The research and development of narrow-emission materials,
realizing a high colour purity of their photoluminescence (PL)
or electroluminescence (EL), has attracted signicant attention
in recent years. Particularly, ultra-high-denition display panels
that will be the BT 2020 standard have to be manufactured
using narrow-emission materials; however, the reports on
narrow-emission materials are mainly dominated by conven-
tional uorescent molecules, resulting in internal quantum
efficiency (IQE) being limited to only 25%.1–3

A thermally activated delayed uorescence (TADF) molecule
that possesses a small singlet–triplet energy gap (DEST) can
achieve an IQE of 100% by thermally converting triplet excitons
into singlet excitons.4–7 Conventional donor–acceptor type (D–A
type) TADF molecules are designed by introducing a twisted
angle between donor and acceptor moieties, avoiding the
signicant overlap of the high occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO).4,5

D–A type TADF molecules always possess strong charge-transfer
characteristics that give rise to broadband emission with full-
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width at half-maximums (FWHMs) of 60 to 100 nm in the
solution state.5 In 2016, on the other hand, Hatakeyama and co-
workers reported a new type of thermally activated delayed
uorescence molecule, namely a multi-resonance emitter
(MRE), in which the multi-resonance effect of the boron and
nitrogen atoms induces signicant separation of the HOMO
and LUMO on different atoms, minimizing the overlap of their
bonding/antibonding characteristics.8 MREs not only show
TADF properties but also show narrowband emission that is as
narrow as the emission of inorganic quantum dots.9,10

Nowadays, there are three main types of blue MREs reported
in the literature, i.e., boron–nitrogen,8,10–12 carbonyl–
nitrogen,13–15 and indolocarbazole16,17 based on scaffolds. Their
FWHMs of the emission spectra range from 14 to 50 nm in
solution states.9,18 High-efficiency blue organic light-emitting
diodes (OLEDs) with external quantum efficiencies (EQEs) of
over 20% have been reported with these MREs.9,18 Nonetheless,
the device stabilities of MRE-based OLEDs are not sufficient10,19

compared with those of conventional OLEDs with D–A type
TADF emitters, since most MREs have a long triplet lifetime,
i.e., a slow reverse intersystem crossing (RISC) rate (kRISC).7,20–22

Thus, at present, MREs are found to be useful as the terminal
emitter (TE) in hyperuorescence OLEDs.23–25 Indeed, having
stable blue D–A type TADF emitters with narrow emissions
provides a more straightforward solution. However, the reports
on blue narrow-emission (FWHM # 50 nm) D–A type emitters
are limited. There are only a few reports on boron-containing
narrow-emission D–A type TADF emitters in the literature
(Table S1†).18,26–29 As a result, it would be interesting to develop
non-boron based narrow emissive D–A type TADF emitters.
Chem. Sci., 2022, 13, 7821–7828 | 7821
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This report explores a new class of blue D–A type TADF
emitters with small FWHMs. Herein, a new acceptor core called
carbazole-2-carbonitrile (CCN) is introduced. Three narrow-
emission deep-blue DA-type TADF emitters based on CCN,
namely 3CzCCN, 3MeCzCCN, and 3PhCzCCN, have been
synthesized and characterized. The three deep-blue TADF
emitters display narrow charge-transfer (CT) emissions with
FWHMs # 50 nm in toluene and high photoluminescence
quantum yields (PLQYs) of up to 85%. High-efficiency TADF
OLEDs based on the three emitters have been fabricated,
resulting in high maximum EQEs of up to 17.5% and deep-blue
emissions with the y-coordinate < 0.2.
Results and discussion
Molecular design, synthesis, and DFT calculations

Benzonitrile is a promising candidate as a strong acceptor for
constructing a stable blue D–A type TADF emitter; however, the
resulting TADF emitters always show broad emission bands (60
to 100 nm) in the solution state, which is due to the formation of
a strong CT state.4 It is anticipated that the emission band of
blue D–A type emitters can be narrowed by lowering the
electron-accepting ability and increasing the steric hindrance of
the acceptor core.30 In this study, a new acceptor core, i.e. CCN,
is introduced by fusing carbazole with the benzonitrile core.
The high steric hindrance on the CCN acceptor core can effec-
tively restrict the bond rotations of the donors, thus narrowing
the emission band. The molecular design concept of blue CCN-
based TADF emitters is shown in Scheme 1. In the synthetic
route of 3CzCCN, 3MeCzCCN, and 3PhCzCCN, a CCN acceptor
was synthesized by the deprotonation of 2,3,5,6-tetrauoro-50-
methyl-20-(p-tolylamino)-[1,10-biphenyl]-4-carbonitrile (L1) with
Scheme 1 New acceptor (CCN) by fusing carbazole and benzonitrile fo

7822 | Chem. Sci., 2022, 13, 7821–7828
the help of sodium hydride in N,N-dimethylformamide, fol-
lowed by intramolecular aromatic nucleophilic substitution
(Scheme 2). Aer that, various carbazole donor units were
deprotonated by sodium hydride in N,N-dimethylformamide
and reacted with the CCN unit at 150 �C. 3CzCCN, 3MeCzCCN,
and 3PhCzCCN were obtained with high yields. All nal prod-
ucts were puried by temperature-gradient sublimation under
vacuum aer column chromatography to obtain highly pure
materials, which were then used to fabricate OLEDs by vacuum
deposition. All three TADF emitters have been characterized by
1H NMR spectroscopy and atmospheric-pressure chemical
ionization-electron ionization (APCI-EI) mass spectrometry
(Fig. S1–S13†). Satisfactory elemental analyses have also been
obtained.

To investigate the differences among the geometric and
optical properties of 3CzCCN, 3MeCzCCN, and 3PhCzCCN,
quantum-chemical calculations were performed using time-
dependent density functional theory (TD-DFT) at the B3LYP/6-
31G(d) level. The calculated energy levels of the HOMO and
LUMO, and the optimized geometries of 3CzCCN, 3MeCzCCN,
and 3PhCzCCN, are shown in Fig. 1. The typical dihedral angles
between carbazole donor units and the benzonitrile unit in
4CzBN and 5CzBN are usually 60�;20 however, the dihedral
angles of 3CzCCN, 3MeCzCCN, and 3PhCzCCN ranged from 75
to 87�, which further indicates the higher steric environment
around the CCN acceptor core. The LUMOs of the three emitters
are located on the CCN core. The HOMO of 3CzCCN is located
on the two carbazole units, while the HOMOs of 3MeCzCCN and
3PhCzCCN are only located on one carbazole derivative. The
DFT-calculated DEST values of 3CzCCN, 3MeCzCCN, and
3PhCzCCN are found to be 0.12, 0.10 and 0.07 eV, respectively.
The oscillator strengths (f) calculated for the three compounds
r narrow CT emissions of deep-blue D–A type TADF emitters.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthetic scheme of three CCN-based TADF emitters, 3CzCCN, 3MeCzCCN, and 3PhCzCCN.
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View Article Online
are found to be 0.0157, 0.0151, and 0.0177, respectively. The
calculated f values are moderate; however, high PLQYs can still
be expected when non-radiative decay is suppressed. Further-
more, it is known that a large difference in the electronic
energies between a singlet energy state (S1) and a ground state
(S0), i.e., DE(E(S1@S0) � E(S1@S1)), where E(S1@S0) is the electronic
energy of S1 at the optimized S0 and E(S1@S1) is the electronic
energy of S1 at the optimized S1 structure, and/or a large average
change in the bond length between S1 and S0 will give rise to
a larger FWHM in an emission spectrum.10 The average change
in the bond length and DE(E(S1@S0) � E(S1@S1)) of 4CzBN and
3CzCCN have been calculated according to the literature (Tables
S2 and S3†).10 4CzBN shows a larger average change in the bond
length and DE(E(S1@S0) � E(S1@S1)) of 0.007884 �A and 328 meV,
respectively, which gives rise to the broad emission band in
toluene solution with an FWHM of 63 nm (375 meV).7 On the
other hand, 3CzCCN shows smaller values of 0.006947 �A and
269 meV, respectively, which indicates the possibility of
a smaller FWHM in the emission. The average change in the
bond length and DE(E(S1@S0) � E(S1@S1)) of 3MeCzCCN and
3PhCzCCN are also smaller than those of 4CzBN, which are
(0.006828�A, 280 meV) and (0.004897�A, 258 meV), respectively.
On the other hand, 4CzBN also shows a larger reorganization
energy, i.e., DE(E(S1@S0) � E(S1@S1)) + DE(E(S0@S1) � E(S0@S0)) of 719
meV, whereas 3CzCCN, 3MeCzCCN and 3PhCzCCN show
a smaller reorganization energy of 548, 574 and 523 meV,
respectively. Additionally, when we compared the dihedral
angles of the 4 C–N bonds of 4CzBN and three CCN-based
emitters at the S0 ground state and S1 excited state, it is found
that the sum of changes in the dihedral angle in 4CzBN (55.7�)
is larger than that of 3CzCCN (37.7�), 3MeCzCCN (31.7�) and
3PhCzCCN (20.4�), which further conrms their smaller
distortion in the S1 of the three emitters (Table S4†). On the
other hand, the natural transition orbitals (NTOs) of the three
emitters at singlet and triplet excited states are calculated (Table
S5†). The singlet excited states of the three emitters are found to
have a charge-transfer character. In the triplet excited states,
© 2022 The Author(s). Published by the Royal Society of Chemistry
since there are partial overlaps between holes and electrons on
the CCN acceptor, the triplet excited states of the three emitters
are found to be hybridized local and charge transfer (HLCT) in
nature.
Photophysical, thermal, and electrochemical properties

The photophysical properties of the three emitters in toluene
solutions have been rst studied. In the UV-vis absorption
spectra, the p–p transition band below 350 nm and the CT
transition band at around 400 nm are found in all emitters.31

Upon excitation at 340 nm, 3CzCCN, 3MeCzCCN, and
3PhCzCCN display structure-less deep-blue emission at 439,
453, and 457 nm, respectively (Fig. 1b and Table 1). Emissions
from the three emitters originated from the charge-transfer
excited state which is conrmed by the solvatochromic study
on emission (Fig. S14–S16†). Interestingly, all emitters show
emissions with narrow FWHMs of less than 50 nm, which is
unusual for D–A type blue TADF emitters. Meanwhile, the
PLQYs of 3CzCCN, 3MeCzCCN, and 3PhCzCCN are found to be
37, 59, and 85%, respectively, in degassed toluene solutions.
The singlet energy levels of 3CzCCN, 3MeCzCCN, and
3PhCzCCN are 3.02, 2.93, and 2.89 eV, respectively, while their
corresponding triplet energy levels (T1s) are 2.70 eV, 2.67, and
2.66. Such a small change in T1s indicates that the triplet
excited states are located on the acceptor CCN core. The
calculated DESTs of 3CzCCN, 3MeCzCCN, and 3PhCzCCN are
found to be 0.32, 0.26, and 0.23 eV, respectively. On the other
hand, the photophysical properties of doped lms are also
studied, in which 10 wt% of each emitter is doped in a host
material, 3,30-di(9H-carbazol-9-yl)-1,10-biphenyl (mCBP). In the
doped lm, the emissions of 3CzCCN, 3MeCzCCN, and
3PhCzCCN are found to be 451, 466, and 469 nm, respectively,
which are slightly redshied compared to those in toluene
solutions. To estimate the accurateDESTs in doped lms, the S1s
of 10 wt%-doped lms of 3CzCCN, 3MeCzCCN, and 3PhCzCCN
are found to be 2.92, 2.86, and 2.84 eV, respectively, which are
Chem. Sci., 2022, 13, 7821–7828 | 7823
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Fig. 1 (a) Molecular structures of 3CzCCN, 3MeCzCCN, and 3PhCzCCN and their corresponding DFT calculations based on B3LYP/6-31G(d). (b)
Photophysical properties of 3CzCCN, 3MeCzCCN, and 3PhCzCCN in toluene solution (10�5 M) and doped in an mCBP host with 10 wt%.
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View Article Online
calculated from the uorescence spectrum at 77 K (Fig. S17†),
while their corresponding T1s are all found to be 2.63 eV, which
are calculated from the phosphorescence spectrum at 77 K. The
resulting DESTs in doped lms are 0.29, 0.23, and 0.19 eV,
Table 1 Basic photophysical parameters of 3CzCCN, 3MeCzCCN, and 3

Material

In Toluene 10 wt% in mCB

labs
(nm)

lmax

(nm)
FWHM
(nm)

FAir
a

(%)
FAr

b

(%)
DEST
(eV)

lmax

(nm)
FWHM
(nm)

3CzCCN 409 439 45 27 37 0.32 451 51
3MeCzCCN 417 453 48 21 59 0.26 466 54
3PhCzCCN 421 457 48 32 85 0.23 469 53
4CzBNe 403 441 63 9 63 0.23 460 89

a PLQY in aerated toluene. b PLQY in degassed toluene. c Prompt intensit

7824 | Chem. Sci., 2022, 13, 7821–7828
respectively. On the other hand, the FWHMs of the emission
spectra in doped lms are slightly broadened. The temperature-
dependent decay proles of the three doped lms are studied
and depicted in Fig. 2, which clearly conrm the TADF
PhCzCCN

P

FAr

(%)
Fp

c

(%)
Fd

d

(%)
sp
(ns)

sd
(ms)

kr
(107 s�1)

knr
(108 s�1)

kISC
(108 s�1)

kRISC
(104 s�1)

40 35 5 3.8 180 9.1 1.36 1.72 0.1
61 44 17 5.1 47 8.6 0.55 1.1 1.5
72 50 22 6.2 34 8.1 0.31 0.80 2.6
51 14 37 3.3 14 4.4 0.42 2.59 21.5

y. d Delayed intensity. e Ref. 7.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Temperature dependent decay profiles of (a) 3CzCCN, (b) 3MeCzCCN, and (c) 3PhCzCCN in an mCBP host with 10 wt%.
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properties of the three emitters. The large DEST of 3CzCCN
results in a long-delayed lifetime (sd) of 180 ms. With the nar-
rower DESTs of 3MeCzCCN and 3PhCzCCN, they show shorter
sds of 47 and 34 ms, respectively. The kRISC of 3PhCzCCN is
calculated to be 2.6 � 104 s�1,7 which is the highest amongst
that of the three emitters (Table 1). The relatively slow sds are
mainly due to the large DESTs. It is expected that the kRISC of
CCN-based TADF emitters can be further enhanced with
a rational molecular design of molecules that possess small
DESTs in the future. The electrochemical properties of 3CzCCN,
3MeCzCCN, and 3PhCzCCN are determined by cyclic voltam-
metry in N,N-dimethylformamide solutions (Fig. S18–S20, Table
S6†). The potentials for an oxidative scan of 3CzCCN,
3MeCzCCN, and 3PhCzCCN are +1.00, +0.87 and +0.84 V vs. Fc/
Fc+, respectively, which resulted in the corresponding HOMO
values of �5.80, �5.67, and �5.64 eV, respectively. On the other
hand, the potentials for a reductive scan of 3CzCCN,
3MeCzCCN, and 3PhCzCCN are �2.14, �2.18, and �2.11 V vs.
Fc/Fc+, respectively, which resulted in the corresponding LUMO
values of �2.66, �2.62, and �2.69 eV, respectively. The
thermogravimetry-differential thermal analysis (TG-DTA) is
performed to examine the thermal stabilities of the three CCN-
based TADF emitters. From TG-DTA measurement, it is found
that 3CzCCN, 3MeCzCCN, and 3PhCzCCN show excellent
thermal stabilities with Tds (5% weight loss) of 433, 434, and
555 �C, respectively (Fig. S21 and Table S7†).
Fig. 3 OLED performance of devices A–C. (a) TADF OLED structure; (b

© 2022 The Author(s). Published by the Royal Society of Chemistry
OLED performance

The following conguration: indium-tin-oxide (ITO)-coated
glass (100 nm)/HAT-CN (10 nm)/TrisPCz (30 nm)/mCBP (5
nm)/mCBP: 10 wt% of 3CzCCN (device A) or 3MeCzCCN (device
B) or 3PhCzCCN (device C) (30 nm)/SF3-TRZ (10 nm)/SF3-TRZ:
30 wt% Liq (20 nm)/Liq (2 nm)/Al (100 nm) is used to conrm
OLED characteristics. 1,4,5,8,9,11-hexaazatriphenylenehex-
acarbonitrile (HAT-CN) is the hole-injection layer, 9-phenyl-3,6-
bis(9-phenyl-9H-carbazol-3-yl)-9H-carbazole (TrisPCz) is the
hole-transporting layer, mCBP is used for exciton-blocking and
host layers, 2-(9,90-spirobi[uoren]-3-yl)-4,6-diphenyl-1,3,5-
triazine (SF3-TRZ) is the electron-transporting layer, and 8-
hydroxyquinolinolato-lithium (Liq) and Al are the electron
injection and cathode layers, respectively (Fig. 3 and S22†). All
the device characteristics are shown in Fig. 3, S23–S26,† and
Table 2. The devices A–C are fabricated based on an emitting
layer (EML) consisting of 10 wt% of the corresponding emitters
doped in an mCBP host. All devices display deep-blue EL peaks
with lmaxs of 445, 462, and 462 nm, respectively. The FWHMs of
devices A–C are found to be 52, 59, and 55 nm, respectively,
which are slightly broader than those in toluene solutions. The
slightly larger values of FWHMs in ELs may be due to the
electronic interactions, i.e., polarization effects, between hosts
and emitters. When the emitters are doped in a polar host (2,8-
bis(diphenyl-phosphoryl)-dibenzo[b,d]thiophene, PPT), it is
found that the emission peaks are redshied and broadened
) EQE versus current density; (c) EL spectra of devices A–C at 5 V.

Chem. Sci., 2022, 13, 7821–7828 | 7825
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Table 2 Device performance of deep-blue TADF OLEDs

Device Dopant Von
a (V) Lmax

b (cd m�2) EQEc (%) lEL
d (nm) FWHM (nm) CIE (x, y)d

A 3CzCCN 3.8 1358 11.5/3.9/2.2 445 52 0.15, 0.09
B 3MeCzCCN 3.6 2023 15.8/9.4/4.8 462 59 0.14, 0.17
C 3PhCzCCN 3.8 6451 17.5/10.6/6.3 462 55 0.14, 0.15

a Voltage at 1 cd m�2. b At maximum. c External quantum efficiency: values at maximum, at 10 cd m�2, and at 100 cd m�2. d Value at 5 V.
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(Fig. S27†). Nevertheless, the small FWHMs in ELs of CCN-
based devices are one of the smallest values amongst the
values reported in D–A type blue TADF OLEDs.18 Doping
3CzCCN in an mCBP host results in a decent PLQY of 40%,
which limits the maximum external quantum efficiency
(EQEmax) of device A to 11.5%. With an increase in PLQY of the
3MeCzCCN and 3PhCzCCN doped lms, devices B and C show
higher EQEmaxs of 15.8% and 17.5%, respectively. The CIEx,ys of
devices A–C are found to be (0.15, 0.09), (0.14, 0.17), and (0.14,
0.15), respectively, which all display deep-blue emission.
Compared to a 4CzBN-based device, CCN-based devices showed
severe rolloff issues, which may be due to the longer decay
lifetimes and imbalanced carrier transport properties
(Fig. S26†). It is expected that increasing the dopant concen-
tration may help to balance the carrier transport properties.32

Thus, the effect of the dopant concentration on the EQE is
studied with 3PhCzCCN (Fig. S28†). By increasing the dopant
concentration to 20 wt% or 30%, the rolloff issue becomes less
severe; however, at a doping concentration of 30 wt%, the
maximum EQE drops to 15.6%, which may be due to the effect
of concentration quenching. The device lifetimes of devices A
and B are too short to be measured, while device C shows the
best LT50 of 10 h and 65 h at an initial luminance of 500 and
100 cd m�2, respectively (Fig. S29†). When the dopant concen-
tration of 3PhCzCCN is increased from 10 to 30 wt%, a LT50 of
over 50 h is achieved at an initial luminance of 500 cd m�2

(Fig. S30†), which is comparable to that of 4CzBN-devices.20 The
relatively fair device lifetime might be originated from the long-
delayed lifetime of 3PhCzCCN. It is believed that the delayed
lifetime of CCN-based TADF emitters can be shortened via
rational molecular design, thus enhancing the device stability
in the future. It is also believed that the device stability can be
further improved with the help of device engineering, e.g., other
host materials.
Conclusion

A series of deep-blue D–A type TADF emitters based on a new
acceptor core, CCN, has been successfully synthesized. The
newly synthesized CCN-based TADF emitters display narrow CT
emission in toluene with FWHMs < 50 nm, which are one of the
smallest values of FWHMs reported in D–A type blue TADF
emitters. The unexpected narrow emissions of CCN-based TADF
emitters originated from the steric hindrance environment on
the CCN acceptor, which causes less structural distortion in the
excited state compared to the ground state. The hypothesis is
further supported by the DFT calculations, in which all CCN
emitters show smaller reorganization energies than that of the
7826 | Chem. Sci., 2022, 13, 7821–7828
conventional 4CzBN. Furthermore, it was also found that the
sum of the changes in dihedral angles of C–N bonds in CCN-
based emitters is smaller in the excited states, which is
consistent with the small reorganization energy.

Although their FWHMs are not as narrow as those of blue
MREs, they are comparable to or even narrower than some of
the conventional blue uorescence emitters. OLEDs based on
this series of CCN-based TADF emitters have resulted in high
maximum EQEs of up to 17.5%. The CCN-based deep-blue
TADF emitters in this work denitely enrich the molecular
library of narrow-emission blue D–A type TADF emitters, which
are seldom reported in the literature.
Experimental section

All reagents were used as received from commercial sources and
were used without further purication. 9H-Carbazole was
purchased from Ushio Chemix Co. with a purity of 99.9%
(without isomer), and 3,6-dimethyl-9H-carbazole and 3,6-
diphenyl-9H-carbazole were purchased from Suzhou Ge'ao New
Material Co., Ltd. with a purity of 99.7% and 98.0%, respec-
tively. Chromatographic separations were carried out using
silica gel (200–300 nm). The three materials investigated in this
study were synthesized by following the procedures described
below. All compounds were puried twice by temperature
gradient vacuum sublimation. 1H nuclear magnetic resonance
(NMR) spectra were obtained in CDCl3 with a Bruker Biospin
Avance-III 500 NMR spectrometer at ambient temperature.
Chemical shis (d) are given in parts per million (ppm) relative
to tetramethylsilane (TMS; d¼ 0) as the internal reference. Mass
spectra were measured in positive-ion atmospheric-pressure
chemical ionization (APCI) mode on a Waters 3100 mass
detector. Elemental analyses (C, H, and N) were carried out with
a Yanaco MT-5 elemental analyzer. Toluene solutions contain-
ing these three materials (0.1 mM) were prepared to investigate
their absorption and photoluminescence characteristics in the
solution state. Thin-lm samples (10 wt%-3CzCCN, 3MeCzCCN,
and 3PhCzCCN doped in an mCBP host with a thickness of 100
nm) were deposited on quartz glass substrates by vacuum
evaporation to study their exciton connement properties in the
lm state. Ultraviolet-visible absorption (UV-vis) and photo-
luminescence (PL) spectra were recorded on a PerkinElmer
Lambda 950 KPA spectrophotometer and a JASCO FP-8600
spectrouorometer. Absolute PL quantum yields were
measured on a Quantaurus-QY measurement system (C11347-
11, Hamamatsu Photonics) under a nitrogen ow and all
samples were excited at 340 nm. The prompt and delayed PL
spectra of the samples were measured under vacuum using
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a streak camera system (Hamamatsu Photonics, C4334) equip-
ped with a cryostat (Iwatani, GASESCRT-006-2000, Japan). Cyclic
voltammetry (CV) was carried out on a CHI600 voltammetric
analyzer at room temperature with a conventional three-
electrode conguration consisting of a platinum disk working
electrode, a platinum wire auxiliary electrode and an Ag wire
pseudo-reference electrode with ferrocenium–ferrocene (Fc+/Fc)
as the internal standard. Argon-purged N,N-dimethylforma-
mide was used as a solvent for scanning the oxidation with
tetrabutylammonium hexauorophosphate (TBAPF6) (0.1 M) as
the supporting electrolyte. The cyclic voltammograms were
obtained at a scan rate of 100 mV s�1. Thermal gravimetry-
differential thermal analysis (TG-DTA) was performed using
a Bruker TG-DTA 2400SA with a heating rate of 10 �C min�1

under a nitrogen atmosphere.

Quantum chemical calculations

All calculations were carried out using the Gaussian 16 program
package. The geometries in the ground state were optimized via
DFT calculations at the B3LYP/6-31G* level. TD-DFT calcula-
tions for the S0 / S1 and S0 / T1 transitions using the B3LYP
functional were then performed according to the optimized
geometries of the lowest-lying singlet and triplet states,
respectively.

Device fabrication and measurements

The OLEDs were fabricated through vacuum deposition of the
materials at ca. 10�5 Pa onto indium-tin-oxide-coated glass
substrates having a sheet resistance of ca. 15 U ,�1. The
indium-tin oxide surface was cleaned ultrasonically and
sequentially with acetone, isopropanol, and deionized water,
then dried in an oven, and nally exposed to ultraviolet light
and ozone for about 10 min. Organic layers were deposited at
a rate of 1–2�A s�1. Subsequently, Liq was deposited at 0.1–0.2�A
s�1. The devices were exposed once to nitrogen gas aer the
formation of the organic layers to allow the xing of a metal
mask to dene the cathode area. For all OLEDs, the emitting
areas were determined by the overlap of two electrodes to be
0.04 cm2. The J–V-luminance characteristics were evaluated
using a Keithley 2400 source meter and an absolute external
quantum efficiency (EQE) measurement system (C9920-12,
Hamamatsu Photonics, Japan). Device operational stability
was measured using a luminance meter (CS-2000, Konica
Minolta, Japan) at a constant DC current at room temperature.

Data availability

The data that support the plots within the paper are available
from the corresponding author upon reasonable request.
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