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A 9-fluorenyl substitution strategy for
aromatic-imide-based TADF emitters towards
efficient and stable sky blue OLEDs with nearly
30% external quantum efficiency†

Quanyou Feng, a Xiaojun Zheng,a Hongjian Wang,a He Zhang,a Yue Qian,a

Kesheng Tan,a Hongtao Cao,*a Linghai Xie *a and Wei Huangab

Highly efficient and stable blue organic lighting-emitting diodes (OLEDs) continue to be a challenge. The

substitution strategy has been proven to be one of the most effective chemical approaches to improve

the electroluminescence (EL) performance and the operational stability of blue OLEDs based on

thermally activated delay fluorescent (TADF) emitters. Herein, the effects of tert-butyl and 9-phenyl-9-

fluorenyl substituents on the physicochemical properties and EL performance are systematically studied

for aromatic-imide-based TADF molecules. The robust 9-phenyl-9-fluorenyl units outperform the tert-

butyl groups in improving the thermal and electrochemical stability. Consequently, sky blue OLEDs

based on 4-DPFCzAIAd containing 9-phenyl-9-fluorenyl substituents exhibit excellent comprehensive

EL performance with a maximum external quantum efficiency of 28.2% and a long LT50 (time to 50% of

initial luminance) of 178 h at an initial luminance of 500 cd m�2, which is much better than that of the

device with a tert-butyl substituted emitter. These results demonstrate that the 9-phenyl-9-fluorenyl

substituent is superior to the tert-butyl group in constructing TADF emitters for efficient and stable

blue OLEDs.

Introduction

As a new generation of flat panel displays and solid state
lighting technology, organic lighting-emitting diodes (OLEDs)
have already been intensively studied for more than three
decades since the milestone report by Tang and VanSlyke.1,2

Recently, purely organic thermally activated delay fluorescent
(TADF) materials have attracted remarkable attention due to
their 100% internal quantum efficiency (IQE) without the aid of
noble metal atoms.3,4 This near unity IQE can be achieved by
exploiting triplet excitons via efficient reverse intersystem cross-
ing (RISC), in which a necessary small energy gap (DEST)
between the lowest singlet (S1) and triplet (T1) states is
required.5–7 A small DEST that can be controlled by the twisted

donor (D) and acceptor (A) moieties of TADF molecules is
beneficial to triplet excitons up-conversion to S1 states.8 The
effective separation between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) can be garnered by the structural distortion of D/A.9,10

Up to now, numerous metal-free TADF molecules have been
explored for high efficiency blue, green and red electrolumi-
nescence (EL) with a maximum external quantum efficiency
(EQEmax) over 38%,11 37%12 and 27%,13 respectively.

Despite the outstanding EQE values, blue OLEDs tend to
show much poorer device stability than the green and red ones
owing to the higher energy level and longer excited-state
lifetime.14,15 Although the device lifetime is a key parameter
for further commercialization of OLEDs, it is often not collected
or mentioned in various literature studies.16 To address the
inherent instability of blue TADF OLEDs, the substitution
strategy has been widely utilized and proven to be one of the
most effective approaches. Duan and co-workers developed
efficient and stable blue TADF emitters by introducing tert-
butyl substituents as steric shields, which not only enhanced
the photoluminescence efficiency, but also improved the stabi-
lity of the TADF molecules.17 Consequently, an EQEmax of 21%
and a record LT50 (time to 50% of initial luminance) of 770 h at
an initial luminance of 500 cd m�2 were achieved in the

a State Key Laboratory of Organic Electronics and Information Displays, Institute of

Advanced Materials (IAM), Nanjing University of Posts & Telecommunications,

9 Wenyuan Road, Nanjing 210023, China. E-mail: iamhtcao@njupt.edu.cn,

iamlhxie@njupt.edu.cn
b Frontiers Science Center for Flexible Electronics (FSCFE), MIIT Key Laboratory of

Flexible Electronics (KLoFE), Northwestern Polytechnical University,

127 West Youyi Road, Xi’an 710072, China

† Electronic supplementary information (ESI) available. CCDC 2023151, 2022595
and 2023153. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/d1ma00181g

Received 2nd March 2021,
Accepted 13th April 2021

DOI: 10.1039/d1ma00181g

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
11

/2
02

5 
3:

55
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0001-6608-5068
http://orcid.org/0000-0001-6294-5833
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00181g&domain=pdf&date_stamp=2021-05-18
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00181g
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA002012


© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 4000–4008 |  4001

5TCzBN device without scaring the color purity. In addition,
the p-conjugated substituents at the donor segments were also
adopted to adjust the excited-state energy levels. Adachi et al.18

introduced phenyl groups into the carbazole donor endowing a
second type of donor unit for the initial D–A system. As a result,
an increased RISC rate and hence improved device efficiency as
well as prolonged device lifetime were successfully realized
owing to the reduced energy gap between the triplet state
(3CT) and localized triplet state (3LE). Furthermore, we have
recently presented the Friedel–Crafts arylmethylation strategy
of TADF molecules to improve the EL efficiency and operational
stability for deep-blue EL devices. Upon introduction of
p-conjugation-interrupted substituents, 9-phenyl-9-fluorenyl units,
the obtained compound DPFCz-TRZ reached a smaller singlet–
triplet splitting and more excellent thermal and electrochemical
stability. Compared with the control device, almost the threefold
EQE value and twofold device lifespan were simultaneously
achieved for the DPFCz-TRZ-based deep-blue OLEDs with a similar
CIE coordinate of (0.15, 0.10).19

Given that a slight change in the chemical structure of a
fluorophore may significantly affect its physiochemical pro-
perties and hence the EL performance, delicate molecular
engineering of TADF luminophores is crucial to achieve
highly efficient and stable blue TADF OLEDs. In this work,
we designed and synthesized three TADF molecules with
a carbazole-based donor and phthalimide-based acceptor.
4-TBCzAIAd and 4-DPFCzAIAd were obtained by attaching
tert-butyl and phenyl-9-fluorenyl groups to the 3- and 6-
positons of the carbazole moiety from the control compound
4-CzAIAd, respectively. The influences of these substituents
were characterized by thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), ultraviolet–visible
(UV–vis) spectroscopy, photoluminescence (PL) and cyclic
voltammetry (CV). Furthermore, the effects of tert-butyl and
phenyl-9-fluorenyl groups on the EL performance including
the operational lifetime of TADF-OLEDs were also system-
atically investigated.

Results and discussion
Molecular design

First of all, carbazole and its derivatives have been considered
as one of the most efficient electron donors for constructing
the blue TADF emitters. Besides, the aromatic imide-based
semiconductors have been intensively investigated for their
applications in organic optoelectronics due to the outstanding
photoelectric properties and strong electron-withdrawing
ability.20–25 However, aromatic imide-based blue TADF emitters
have been rarely reported;26,27 therefore, a rational molecular
design is fairly important for the purpose of preparing efficient
stable aromatic-imide-based blue TADF luminophores. Consid-
ering all of these in perspective, we herein propose a 9-fluorenyl
substitution strategy for constructing phthalimide-based blue
TADF molecules with a carbazole unit as the electron donor.
For the carbazole donor, tert-butyl and 9-phenyl-9-fluorenyl
substituents are adopted with the aim to adjust the triplet
energy levels,28 electron-transporting ability,29 and electro-
chemical and thermal stability.28 On the other hand, the rigid
structure of the adamantyl group attached to the phthalimide
acceptor not only leads to blue-shift emission due to the
suppression of the p-conjugation effect,30 but also suppresses
the Stokes shift.31 As shown in Scheme 1, the combination
of the aforementioned donor, acceptor and substituents
formed three TADF emitters, namely 4-CzAIAd, 4-TBCzAIAd
and 4-DPFCzAIAd.

Theoretical calculations

As one of the most popular theoretical method, B3LYP hybrid
functional is suitable and being used for the molecular opti-
mization and energy calculation of TADF emitters.32–35 Herein,
time-dependent density functional theory (TD-DFT) calcula-
tions at the B3LYP/6-31G(d) level were performed to investigate
the influence of tert-butyl and 9-phenyl-9-fluorenyl groups on
the geometrical properties and energy levels for these
phthalimide-based emitters. As shown in Fig. 1, for all three

Scheme 1 Synthetic routes of 4-CzAIAd, 4-TBCzAIAd and 4-DPFCzAIAd.
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molecules, the HOMOs are predominantly located on the
carbazolyl moiety, while the LUMOs are mainly distributed
over the aromatic imide moiety. It can be found that the
introduction of the tert-butyls and 9-phenylfluorenyl units
barely affects the geometric distribution of these HOMOs and
LUMOs. Meanwhile, there is a weak overlap between the HOMO
and LUMO on the phenyl ring of the aromatic imide moiety,
which is crucial for maintaining a high radiative decay rate.
Upon introduction of tert-butyl and 9-phenyl-9-fluorenyl
groups, 4-TBCzAIAd and 4-DPFCzAIAd, show a smaller energy
gap than 4-CzAIAd, which can be attributed to the stronger
electron donating ability of the new donors. Moreover, 4-
DPFCzAIAd achieves a smaller DEST value than 4-CzAIAd and
4-TBCzAIAd, suggesting that a more efficient RISC process and
TADF emission can be expected.

Synthesis and structural characterization

As depicted in Scheme 1, these TADF emitters 4-CzAIAd, 4-
TBCzAIAd and 4-DPFCzAIAd, can be synthesized in two or three
steps from commercial 4-bromophthalic anhydride. The
chemical structures of the intermediate and these emitters
were confirmed by 1H NMR, 13C NMR and mass spectroscopy
(Fig. S1–S4, ESI†). High performance liquid chromatography
(HPLC) was also performed to test the purity of these three
emitters, assuring a purity of over 99% (Fig. S5–S7, ESI†).
Furthermore, by slowly evaporating the mixture solvents of
hexane and dichloromethane, all single crystals of these emit-
ters were successfully obtained for single crystal X-ray diffrac-
tion measurement and the corresponding crystal data are
collected in Table S1 (ESI†). Fig. 2 demonstrates the intermo-
lecular interactions of these compounds. For 4-CzAIAd, it can
be found that two adjacent molecules form a head–tail dimer in
an antiparallel configuration mainly through the interaction of
CH� � �O (a: 2.498 Å) and CH� � �p (b: 2.791 Å). As a result, its
dimers are stacked into a regular layer structure, which can
effectively provide a charge transfer pathway and enhance the
mobility. Secondly, the carbazole donor and the acceptor unit
aromatic imide (AI) present a large dihedral angle of 561

(Fig. S8, ESI†). The electron cloud density of the HOMO and LUMO
can be effectively separated by such a twisted structure. Mean-
while, the solid-state fluorescence quenching caused by the
intermolecular packing can be dramatically prevented.24 As
for the single crystal of 4-TBCzAIAd, two adjacent molecules
exist with several interaction forces including in C–H� � �H
(a: 2.212 Å), C–H� � �C (b: 2.893 Å), C–O� � �p (c: 3.193 Å) and
C–H� � �p (d: 2.868 Å and e: 2.742 Å). However, an interlocked
layered structure was observed in the single crystal of
4-DPFCzAIAd, in which two adjacent molecules interact mainly
through multiple C–H� � �p (a: 2.609 Å, c: 2.889 Å, d: 2.768 Å and
e: 2.881 Å) and C–H� � �H (b: 2.396 Å). In addition, there is a
typical p–p plane packing between the carbazole units of two
neighboring 4-DPFCzAIAd molecules with a distance of 3.520 Å,
which is much larger than those with effective p–p intermole-
cular interactions (B3.4 Å),36 but may increase the lifetime of
the triplet excitons.37

Photophysical and TADF properties

The UV–vis and PL spectra of these emitters in dilute toluene
(10�5 M) were recorded to analyze their photophysical proper-
ties (Fig. 3). It can be seen that all these molecules exhibit a
similar shape with peaks around 290–340 nm, which can be
attributed to the p–p* transitions. However, the weak absorp-
tion bands at the range of 340–440 nm are ascribed to the
intramolecular charge transfer (ICT) transition from the carba-
zole unit to the aromatic imide unit. The featureless broad PL
spectra demonstrate that their S1 states are regarded as 1CT
states. Upon introducing tert-butyl and 9-phenylfluorenyl units,
the emission maxima bathochromically shift to 486 nm and
477 nm for 4-TBCzAIAd and 4-DPFCzAIAd, respectively, arising
from their stronger electron donors and ICT interactions. To
confirm the ICT properties of the excited state of these emitters
for OLED applications, fluorescence spectra of the solutions
were measured at room temperature using solvents with differ-
ing polarizability, as shown in Fig. S10 (ESI†). They all exhibit
distinct solvatochromic behavior (B100 nm) as the solvent
polarity increased from hexane to tetrahydrofuran, confirming

Fig. 1 Frontier molecular orbital distributions with calculated energy levels for (a) 4-CzAIAd, (b) 4-TBCzAIAd and (c) 4-DPFCzAIAd.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
11

/2
02

5 
3:

55
:1

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00181g


© 2021 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2021, 2, 4000–4008 |  4003

their strong ICT characteristics. The PL spectra of these emitter-
doped bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO)

films show emission peaks at 482, 502 and 492 nm for 4-CzAIAd,
4-TBCzAIAd and 4-DPFCzAIAd, respectively. The phosphorescence

Fig. 3 (a) UV–vis absorption and PL spectra of the three emitters in toluene solution (10�5 M). (b) PL spectra and phosphorescence spectra of the three
emitters in doped films. (c) The prompt decay curves and (d) delayed decay curves of the three emitters in doped films.

Fig. 2 Intermolecular interactions of (a) 4-CzAIAd, (b) 4-TBCzAIAd and (c) 4-DPFCzAIAd with the adjacent molecule. (d) p–p intermolecular
interactions for 4-DPFCzAIAd.
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spectra of the emitters were further measured in doped films
at 77 K, and the S1 and T1 energies were calculated from the
onsets of the fluorescence and phosphorescence spectra,
respectively. These corresponding data are collected in Table 1.
The DEST values are determined to be 0.24, 0.20 and 0.19 eV for
4-CzAIAd, 4-TBCzAIAd and 4-DPFCzAIAd, respectively. Moreover,
these doped films also show a high photoluminescence quantum
yield (PLQY) of 79.1%, 73.1% and 84.5% for 4-CzAIAd,
4-TBCzAIAd and 4-DPFCzAIAd in a nitrogen atmosphere at
300 K, respectively.

The transient PL measurements at 300 K of these doped
films were also conducted in order to further identify their
TADF feature. It can be seen from Fig. 3c and d that all these
emitters exhibited a delayed fluorescence component along
with the prompt component, confirming the TADF properties
of these materials. The transient decay times (tp) were calcu-
lated to be 16.2, 19.3 and 17.5 ns for 4-CzAIAd, 4-TBCzAIAd and
4-DPFCzAIAd, respectively. The delayed components show a
much longer lifetime ranging from 25.3 ms to 33.0 ms. Such long
delayed lifetimes may be attributed to both the relatively large
DEST and the bulky adamantyl substituent that can effectively
prevent the nonradiative relaxation.30,38 Furthermore, the PL
intensity for the delayed component gradually increases with
increasing temperature from 200 K to 300 K for these doped
films (Fig. S11, ESI†), which is an essential requirement for the
TADF emitter because RISC will be accelerated by thermal
energy.

Thermal and electrochemical properties

TGA and DSC were conducted under a nitrogen atmosphere to
evaluate the thermal properties of these emitters. As shown in
Fig. S12 (ESI†) and Table 1, 4-CzAIAd exhibits a high decom-
position temperature (Td) of 349 1C. Td is slightly increased to
391 1C after the carbazole donor is substituted by tert-butyl
units, suggesting more excellent thermal stability for 4-TBCzAIAd.
Upon replacing the tert-butyl with 9-phenylfluorenyl groups, the
emitter 4-DPFCzAIAd shows the highest Td of up to 505 1C.
No noticeable glass transition temperatures (Tg) were observed for
both 4-CzAIAd and 4-TBCzAIAd emitters. However, 4-DPFCzAIAd
exhibits a high Tg of up to 176 1C. Such excellent thermal properties
of 4-DPFCzAIAd are favorable for the long-term stability of OLEDs.17

To further investigate the effect of tert-butyl and 9-phenyl-9-
fluorenyl substituents on the electrochemical properties of
these TADF emitters, CV multi-sweep was performed in dichloro-
methane solutions. As shown in Fig. 4, all these emitters show

reversible oxidation behaviors with the onset of oxidation
potential. The HOMO energy levels are estimated according
to these potential values and the LUMO energy levels can be
calculated from the equation ELUMO = EHOMO + Eg. The corres-
ponding data are summarized in Table 1. One shoulder peak was
observed at the second CV sweep and the current gradually
increased during repeated cycling for the emitter 4-CzAIAd,
which may be ascribed to the polymerization of the unsubsti-
tuted carbazole group.39,40 Upon substitution with tert-butyl
groups, there was a slight change in the oxidation current under
the same operation conditions. Although introducing two tert-
butyl groups at the 3,6-positions of the carbazole moiety can
effectively improve the electrochemical stability,41,42 this positive
effect is significantly enhanced for 9-phenyl-9-fluorenyl substi-
tuents. Almost no change occurred from the second scan to the
tenth for 4-DPFCzAIAd. The abovementioned results demon-
strate that the substituents can notably increase the thermal
and electrochemical stability and the 9-phenyl-9-fluorenyl group
outperformances the tert-butyl group.

Electroluminescence properties

OLED devices using these emitters as dopants were fabricated
to evaluate the influence of the substituents on the electro-
luminescence performance. The general device structure con-
sisted of ITO/MoO3 (2 nm)/TAPC (20 nm)/mCP (10 nm)/EML
(25 nm)/TmPyPb (40 nm)/LiF (0.7 nm)/Al (120 nm). The device
configurations, energy level diagrams and chemical structures
of the materials are shown in Fig. 5. The doping concentration
is optimized and determined to be 30 wt% for 4-DPFCzAIAd

Table 1 Physical properties of 4-CzAIAd, 4-TBCzAIAd and 4-DPFCzAIAd

Emitter Td/Tg
a [1C] lab

b [nm] lem
b [nm] HOMOc [eV] LUMOc [eV] Eg

d [eV] tp
e [ns] td

e [ms] ES1

f [eV] ET1

f [eV] DEST
f [eV]

4-CzAIAd 349/— 371 468 �5.68 �2.68 3.00 16.2 25.3 2.84 2.60 0.24
4-TBCzAIAd 391/— 384 486 �5.60 �2.76 2.84 19.3 32.2 2.77 2.57 0.20
4-DPFCzAIAd 505/176 383 477 �5.73 �2.84 2.89 17.5 33.0 2.83 2.64 0.19

a Td obtained from TGA measurement and Tg obtained from DSC measurement. b Measured in toluene solution (10�5 M). c The HOMO energy
level is calculated from the oxidation potential and the LUMO energy level is calculated from EHOMO and energy level gap (Eg). d Eg is derived from
the onset of the absorption spectra. e PL lifetimes of prompt decay component (tp) and delayed decay component (td). f S1 and T1 energies were
estimated from the edges of the fluorescence and phosphorescence spectra (DEST = ES1

� ET1
).

Fig. 4 Repeated cyclic voltammograms of 4-CzAIAd, 4-TBCzAIAd and
4-DPFCzAIAd in CH2Cl2 solutions.
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(Fig. S13 and Table S2, ESI†). One probable reason for the need
of such a high concentration is that DPEPO cannot transport
holes effectively and thus 4-DPFCzAIAd should perform this
role.43,44 The electroluminescence properties of these three
fluorophores with the same doping concentration (30 wt%)
are illustrated in Fig. 6 and Fig. S14 (ESI†), and their corres-
ponding performance data are summarized in Table 2. The
OLED devices show bright-blue, green and sky-blue emission
with a peak at 478 nm, 507 nm and 488 nm for 4-CzAIAd,

4-TBCzAIAd and 4-DPFCzAIAd, respectively. The turn-on voltage
of device C (3.4 V) is much lower than those of device A (6.5 V)
and device B (6.3 V). This significant difference in turn-on
voltage is probably caused by the difference in the hole-
transport properties of three emitters. For device A, a slight
blue shift of EL emission and a small variation of CIE coordi-
nates are observed when the driving voltage increases from 7 V
to 11 V (Fig. S15a, ESI†). Conversely, there is no obvious change
in the EL spectra and CIE coordinates under the same

Fig. 5 (a) Energy level diagrams, (b) OLED device structure and (c) the chemical structure of the materials used in the TADF devices.

Fig. 6 EL performance of devices: (a) current density and luminance versus driving voltage, (b) EQE versus luminance, (c) EL spectra at 10 V and (d) CIE
(x, y) coordinates at a driving voltage of 8 V.
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conditions for devices B and C (Fig. S15b and c, ESI†), demon-
strating a better balanced charge injection and transport in the
emissive layer.45

Furthermore, device A shows a maximum EQE of 2.3%,
current efficiency (CE) of 4.9 cd A�1 and power efficiency (PE)
of 2.2 lm W�1 with a CIE color coordinate of (0.20, 0.32) (Fig. 6
and Fig. S15, ESI†). As shown in Table 2, the better device
performance of device B including higher EQE and CE can be
explained by the smaller DEST of 4-TBCzAIAd and its red-shifted
emission compared to that of device A.46 As expected, device C
exhibits a superior EL performance with a maximum EQE of
28.2%, CE of 67.1 cd A�1, PE of 62.0 lm W�1, and CIE color
coordinates of (0.20, 0.36) compared to device B. One of the
reasons for this apparent difference is probably the more
efficient RISC process and well-matched hole-transport proper-
ties of EL devices upon replacing the tert-butyls with 9-phenyl-9-
fluorenyl units. In particular, for device C, a relative high
EQE of up to 6.4% and 2.2% can sustain at a luminance of
1000 cd m�2 and 10 000 cd m�2 (Table S2, ESI†). The significant
roll-off of EQE is mainly attributed to the large DEST and the
long excited-state lifetimes of the emitters.47,48

Moreover, the operational lifespans of these OLEDs were
also measured to explore the devices’ stability at an initial
luminance of 500 cd m�2 under a constant current (Table 2
and Fig. S15d, ESI†). DPEPO and TmPyPB are some of the most
commonly used functional materials in OLEDs. Although these
compounds are not suitable for the stability test, the main
reason why we adopted these materials is that we aim to
investigate the substituent effects on the performance of the
OLED devices based on the novel TADF materials, including the
EL efficiency and stability, under the routine conditions.
Devices A, B and C display a LT50 of 16 h, 34 h and 178 h,
respectively. Compared with device A, the lifetimes of the
devices based on 4-TBCzAIAd and 4-DPFCzAIAd are increased
by ca. 2 and 11 fold, respectively. The prolonged device lifetime
by introducing the tert-butyl groups could be ascribed to the
improved thermal and electrochemical stability and reduced
exciton–polaron annihilation.17,32,45 The 9-phenyl-9-fluorenyl
modified TADF emitter 4-DPFCzAIAd possesses more excellent
thermal and electrochemical stability than 4-TBCzAIAd con-
taining tert-butyl groups as aforementioned. Besides, the exciton–
polaron annihilation tends to show a positive correlation with the
intermolecular distance when steric bulks are introduced into the
dopant molecules. In this context, compared with 4-TBCzAIAd,
4-DPFCzAIAd shows a larger intermolecular distance due to the
larger steric hindrance of 9-phenyl-9-fluorenyl units relative to tert-
butyl groups. As a result, device C displays a much longer

operational lifespan than device B. To our knowledge, such a
device is among the most efficient and stable blue TADF OLEDs
with CIE coordinates of (r0.20, r0.36).

Conclusions

In summary, three aromatic-imide-based TADF emitters are
designed and synthesized. The substituent effect of tert-butyl
and 9-phenyl-9-fluorenyl groups on their physicochemical
properties and EL performance is systematically studied for
OLED applications. It is found that 9-phenyl-9-fluorenyl
groups are superior to tert-butyl units in increasing the
thermal and electrochemical stability. Therefore, the 9-phenyl-
9-fluorenyl groups are more efficient to improve the EL perfor-
mance and operational lifespan than the tert-butyl units. Upon
introduction of tert-butyl units, the maximum EQE for
4-TBCzAIAd is slightly increased to 3.8% and LT50 is more
than double with a value of 34 h at an initial brightness of
500 cd m�2. Promisingly, the sky blue device with a 9-phenyl-
9-fluorenyl modified emitter exhibits much better EL perfor-
mance with a maximum EQE of up to 28.2% and a LT50 of
178 h. To our knowledge, this work demonstrates one of the
most efficient and stable blue TADF OLEDs with CIE coordi-
nates of (r0.20, r0.36). It is concluded that the 9-fluorenyl
substitution strategy proposed here is a powerful approach to
realize highly efficient and stable OLEDs without significantly
compromising the color purity.

Experimental section
Synthesis of 4-bromo-N-adamantyl phthalimide (4-BrAIAd)

A mixture of 4-bromophthalic anhydride (5.00 g, 30.12 mmol)
and adamantanamine (5.46 g, 36.14 mmol) in glacial acetic acid
(20 mL) was refluxed for 12 hours. The reaction mixture was
cooled to room temperature and then was slowly added to 100
mL of water, and a white precipitate was formed. The precipi-
tate was filtered from the solution and washed with water.
4-BrAIAd (5.62 g, 52%) was obtained as white powder without
further purification, 1H NMR (400 MHz, CDCl3): d 7.87 (d, J =
1.6 Hz, 1H), 7.79 (dd, J = 7.9, 1.6 Hz, 1H), 7.61 (d, J = 7.9 Hz, 1H),
2.48 (d, J = 2.6 Hz, 6H), 2.16 (s, 3H), 1.82–1.67 (m, 6H). 13C NMR
(101 MHz, CDCl3) d 167.91, 167.29, 135.61, 132.58, 129.48,
127.39, 124.85, 122.96, 59.76, 39.11, 39.11, 35.11, 28.75.
GC-MS (ESI): m/z calcd for C18H18BrNO2 [M]+, 359.05; found,
359.03.

Table 2 Summary of EL data for devices A–C

Device Dopant Von
a [V] lEL

b [nm] CIEb CEc [cd A�1] PEc [lm W�1] EQEc [%] LT50d [h]

A 4-CzAIAd 6.5 478 (0.20, 0.32) 4.9/3.4/2.1 2.2/1.1/0.5 2.3/1.6/1.0 16
B 4-TBCzAIAd 6.3 507 (0.26, 0.48) 10.3/8.5/4.5 4.6/2.9/1.1 3.8/3.0/1.6 34
C 4-DPFCzAIAd 3.4 488 (0.20, 0.36) 67.1/34.1/15.2 62.0/22.9/7.3 28.2/14.2/6.4 178

a Recorded at 1 cd m�2. b EL wavelength and CIE coordinates at a driving voltage of 8 V. c Maximum CE, PE and EQE and CE, PE, and EQE at 100
cd m�2 and 1000 cd m�2, respectively. d LT50 at an initial luminance of 500 cd m�2.
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Synthesis of 4-carbazolyl-N-adamantyl phthalimide (4-CzAIAd)

4-BrAIAd (1.00 g, 2.79 mmol), carbazole (0.70 g, 4.18 mmol),
sodium tert-butoxide (0.32 g, 3.34 mmol), (t-Bu)3PHBF4 (0.06 g,
0.17 mmol) and palladium(II) acetate (0.01 g, 0.06 mmol) were
dissolved in anhydrous toluene (20 mL) and stirred at 120 1C
for 24 hours. After cooling to room temperature, the organic
layer was extracted with dichloromethane (3 � 50 mL), and
then dried over Na2SO4, filtered and concentrated using a
rotary evaporator. The residue was purified by flash column
chromatography with dichloromethane and petroleum ether
(1 : 3, v/v) as eluents to give 4-CzAIAd (0.74 g, 60%) as a faint
yellow solid. 1H NMR (400 MHz, CDCl3): d 8.15 (d, J = 7.8 Hz,
2H), 7.99 (d, J = 8.1 Hz, 2H), 7.89 (dd, J = 7.9, 1.5 Hz, 1H), 7.49–
7.40 (m, 4H), 7.37–7.31 (m, 2H), 2.60–2.53 (m, 6H), 2.21 (s, 3H)
1.85–1.73 (m, 6H). 13C NMR (101 MHz, CDCl3): d 168.00, 167.87,
142.09, 139.01, 133.09, 130.43, 128.81, 125.35, 123.30, 122.92,
119.92, 119.53, 119.49, 108.51, 59.79, 39.22, 35.17, 28.80. HRMS
(ESI): m/z calcd for C30H27N2O2 [M + H]+, 447.2073; found,
447.2064. Elemental analysis calcd (%) for C30H26N2O2: C 80.69,
H 5.87, N 6.27; found: C 79.57, H 6.67, N 5.80.

Synthesis of 4-(3,6-di-tert-butyl-carbazolyl)-N-adamantyl phtha-
limide (4-TBCzAIAd)

In a similar way to 4-CzAIAd, 4-TBCzAIAd was obtained as a
yellow solid (50%). 1H NMR (400 MHz, CDCl3): d 8.14 (d, J = 1.5
Hz, 2H), 7.98 (d, J = 1.3 Hz, 1H), 7.95 (d, J = 7.9 Hz, 1H), 7.87 (dd,
J = 7.9, 1.8 Hz, 1H), 7.48 (dd, J = 8.7, 1.9 Hz, 2H), 7.40 (d, J = 8.6
Hz, 2H), 2.56 (d, J = 2.3 Hz, 6H), 2.20 (s, 3H), 1.86–1.70 (m, 6H),
1.47 (s, 18H). 13C NMR (101 MHz, CDCl3) d 168.10, 167.96,
143.00, 142.61, 137.31, 133.05, 129.77, 128.19, 123.19, 122.98,
118.87, 115.47, 108.03, 59.69, 39.22, 35.17, 33.75, 30.90, 28.80.
HRMS (ESI): m/z calcd for C38H43N2O2 [M + H]+, 559.3325;
found, 559.3318. Elemental analysis calcd (%) for C38H42N2O2:
C 81.68, H 7.58, N 5.01; found: C 79.47, H 7.67, N 4.70.

Synthesis of 4-(3,6-bis(9-phenyl-fluorenyl)-carbazolyl)-N-adamantyl
phthalimide (4-DPFCzAIAd)

4-CzAIAd (100 mg, 0.22 mmol), 9-phenyl-9H-fluoren-9-ol
(PFOH) (289 mg, 1.12 mmol) and boron trifluoride etherate
(63 mg, 0.45 mmol) were dissolved in anhydrous dichloro-
methane (200 mL) and were stirred at room temperature under
nitrogen for 4 hours. The organic layer was extracted with
dichloromethane (3 � 50 mL), and then dried over Na2SO4,
filtered and concentrated using a rotary evaporator. The residue
was purified by flash column chromatography with dichloro-
methane and petroleum ether (1 : 2, v/v) as eluents to give
4-DPFCzAIAd (196 mg, 96%) as a yellow solid. 1H NMR
(400 MHz, CDCl3): d 7.89 (d, J = 7.9 Hz, 2H), 7.81–7.80 (m,
2H), 7.78 (d, J = 7.5 Hz, 4H), 7.43 (d, J = 7.6 Hz, 4H), 7.38–7.33
(m, 4H), 7.27 (dd, J = 6.9, 1.5 Hz, 4H), 7.23 (s, 4H), 7.22 (s, 10H),
2.53 (d, J = 2.4 Hz, 6H), 2.18 (s, 3H), 1.85–1.68 (m, 6H). 13C NMR
(101 MHz, CDCl3): d 167.96, 167.75, 150.56, 145.40, 142.01,
139.00, 138.18, 137.57, 133.02, 130.03, 128.62, 127.22,
127.03, 126.70, 126.42, 126.01, 125.62, 125.20, 123.19, 122.79,
119.17, 119.12, 118.90, 108.25, 64.47, 59.74, 39.17, 35.14, 28.78.

MALDI-TOF-MS: m/z calcd for C68H50N2O2 [M]+, 926.39; found,
926.47. Elemental analysis calcd (%) for C68H50N2O2: C 88.09,
H 5.44, N 3.02; found: C 87.11, H 6.04, N 2.68.
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