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Modification of thermally activated delayed
fluorescence emitters comprising acridan–
pyrimidine moieties for efficient sky-blue to
greenish-blue OLEDs†

Yi-Zhen Li, a Hsuan-Chi Liang,a Chia-Hsun Chen, b Ching-Huang Chiu,b

Bo-Yen Lin,*c Jake A. Tan, *d Jiun-Haw Lee, *b Tien-Lung Chiu *e and
Man-kit Leung *af

Thermally activated delayed fluorescence (TADF) is a promising approach to harvest triplet excitons and

achieve high-performance organic light-emitting diodes (OLEDs) for displays. In this study, we synthesized

two new TADF emitters, 4Ac25CzPy and 4Ac35CzPy, featuring acridan–pyrimidine–carbazole moieties.

Remarkably, a slight modification in the carbazole group position enables precise control of luminous

color, resulting in emissions at 483 nm and 494 nm for 4Ac25CzPy and 4Ac35CzPy, respectively, in the

electroluminescent device. Both compounds exhibit small energy difference between their singlet and tri-

plet states (DEST) of 0.14 eV and 0.15 eV, confirming their TADF characteristics. Notably, OLEDs utilizing

4Ac35CzPy achieve outstanding performance with the maximum external quantum efficiency (ZEQE) of

21.2% and a photoluminescence quantum yield of 65.1%. This high efficiency is attributed to efficient

energy transfer from the host to the emitter. Moreover, the 4Ac35CzPy device exhibits a high light out-

coupling efficiency of 0.3, further enhancing its remarkable performance.

Introduction

Thermally activated delayed fluorescence (TADF) materials are
promising metal-free organic light emitting compounds for
display and lighting applications. Emitters with TADF proper-
ties can harvest both singlet and triplet excitons in organic light
emitting diodes (OLED) to achieve 100% of exciton utilization
efficiency and internal quantum efficiency (IQE).1–4 The TADF
molecules usually contain strong donors and acceptors that are
orthogonally linked by aromatic rings.5 This design facilitates

the material to possess a small singlet–triplet energy splitting
(DEST), which benefits the reverse intersystem crossing (rISC)
and boosts the OLED efficiency.6,7 In addition, the orthogonally
linked aromatic moieties can act as steric shields, preventing
the molecules from p-stacking, and suppressing the intermo-
lecular exciton quenching effects.

Recently, acridan moiety has found a special place in
TADF.8–10 For example, 9,9-dimethyl-9,10-dihydroacridine, shows
a moderately strong electron-donating ability and high-energy
triplet states that is a suitable candidate on the design of TADF
materials. Pyrimidine, on the other hand, is a promising electron
acceptor that shows excellent performance in TADF. Emitters
derivatized at the 2, 4, 5 and 6 positions of pyrimidine have been
explored.11–13

Yasuda reported a series of D–A type pyrimidine-based TADF
materials with a donor linked at the 2-position (Fig. 1), among
which Ac-PM is the bluest emitter in the series with the

Fig. 1 Molecular structures of pyrimidine derivatives.
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maximum device external quantum efficiency (ZEQE) value of
11.4%.14 Increasing the steric shields by introducing bulky
phenyl substituents and rigid spiro-ring can enhance the ZEQE

to 15.5% for Ac-46DPPM and to 20.4% for MFAc-PPM with the
electroluminescence lmax slightly red-shifted to 464 nm and
470 nm, respectively.15 Other than the D–A type Ac-PM series,
pyrimidine based TADF emitters with twisted D–A–D architec-
ture allow to feature substantially efficient quantum efficiency
exceeding 90% and with a high ZEQE of 20.8%.16

On the other hand, when an electron-withdrawing cyano
group (Pm5) is introduced at the 5-position of the pyrimidine
ring, the ZEQE increases to 30.6%. However, the lmax is signifi-
cantly red-shifted to 541 nm.17 Therefore, improving the ZEQE

value and at the same time retaining the blue spectral emission
is still a challenging problem to investigate.

In the present work, we put our efforts on developing new
D–A type pyrimidine-based emitters, and improving their elec-
troluminescence (EL) performance. We adopt acridan–pyrimi-
dine (Ac-PM) as a basic framework and incorporate carbazole
functionalities onto the Ac-PM skeleton. Consequently, two
novel TADF materials of 4Ac25CzPy and 4Ac35CzPy are derived
as shown in Fig. 2. Instead of having a similar D–A type design,
additional carbazole moieties are substituted at different posi-
tions of central phenyl linker to disperse the HOMO delocaliza-
tion. The carbazolyl groups at different substituted positions
bring dissimilar impact on their spectral and electronic proper-
ties. Indeed, we will report in latter sections that the fluorescent
spectrum of 4Ac25CzPy shows a hypsochromic shift emission
by approximately 15 nm than that of 4Ac35CzPy. The unsym-
metrical orientation of carbazole moieties of 4Ac25CzPy leads
acridan and pyrimidine a larger torsional angle to the central
phenyl linker, when comparison with 4Ac35CzPy. Since the
substituents are more or less perpendicular to central phenyl,
the strong internal charge transfer (ICT) through p-conjugation
is largely disrupted. A higher lying singlet–triplet energy level
could be maintained to show blue emission. Intriguingly, both
compounds have a similar DEST (o0.2 eV) that are satisfied to
be TADF materials with similar quantum yields of around 70%.

Notedly the molecule packing of these materials in their solid
states and their EL spectra are quite different. OLEDs utilizing
4Ac25CzPy and 4Ac35CzPy show an EL emission peaked at 484
and 492 nm, whose optimized efficiency performance can reach
the highest ZEQE of 12.4% and 21.2%, respectively. Although
the ZEQE of the device could not achieve an ideal value of
25%, the maximum ZEQE of 4Ac35CzPy is comparable to other
reported pyrimidine-based materials.18–20 Further studies reveal

that 4Ac35CzPy device exhibits a higher light outcoupling effi-
ciency and device efficiency as well.21

Results and discussion
Synthesis of 4Ac25CzPy and 4Ac35CzPy

The synthetic routes for 4Ac25CzPy and 4Ac35CzPy are illustrated
in Scheme 1 and ESI.† Both targets were synthesized from the
corresponding trifluorophenylboronic acid with 2-bromo-
pyrimidine via Suzuki–Miyaura cross-coupling reactions. Subse-
quently, intermediates 1 and 2 were reacted with 9,9-dimethyl-
9,10-dihydroacridine (Ac), followed by 2 equivalents of carbazole
through nucleophilic aromatic substitution (SNAr) to afford
4Ac25CzPy and 4Ac35CzPy respectively. Since the 4-fluoro sub-
stituent on 1 and 2 is relatively reactive, the acridan group could
therefore be introduced selectively to the 4-position in the first
SNAr step. 4Ac25CzPy and 4Ac35CzPy were purified by sublimation
under reduced pressure (1 � 10�5 torr) and identified by 1H NMR
spectroscopy, 13C NMR spectroscopy, high-resolution mass spectro-
metry (HRMS) and single-crystal X-ray diffraction (XRD). The
synthetic method and corresponding NMR spectra of 4Ac25CzPy
and 4Ac35CzPy are presented in Fig. S1–S16 (ESI†). In addition to
HRMS and NMR identification, we conducted high-performance
liquid chromatography (HPLC) and elemental analysis (EA) to
assess their purity, as shown in Fig. S17 and S18 (ESI†).

Crystallographic analysis

X-ray crystallographic analysis of Ac25CzPy suggests that the
acridan and the carbazole units are more or less perpendicular
to the central benzene ring (Fig. 3). The dihedral angle between
the central benzene ring and acridan moiety is 83.511 (59.051).
The acridan moiety is non-planar and bends away from the
adjacent carbazole unit so as to avoid the steric repulsion in
between. On the other hand, the dihedral angle between the
benzene and the pyrimidine is 41.761.

Perhaps due to the symmetrical 1,2,3-ortho-substituent
arrangement, the middle acridan may experience the same
repulsions from carbazoles on both sides. Therefore, the acridan
moiety in 4Ac35CzPy is more planar in comparison with that in
Ac25CzPy. The acridan and carbazole units are tilted towards the
same direction so that a dihedral angle of 69.951 (65.391)

Fig. 2 Molecular structures of 4Ac25CzPy and 4Ac35CzPy.
Scheme 1 Synthetic routes and molecular structures of 4Ac25CzPy and
4Ac35CzPy.
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between the acridan and the central benzene is observed,
and hence partial p-conjugations are facilitated. In addition, in
the absence of the ortho-carbazole unit, the pyrimidine shows
a smaller dihedral angle of 30.031, which is smaller than that
of 4Ac25CzPy. All these allow a better p-conjugation between
the acridan or the pyrimidine units in 4Ac35CzPy, leading to a
smaller HOMO–LUMO gap and therefore red-shifted of the
emission to greenish-blue.

Density functional theory (DFT) calculations

To justify our design strategy on these materials for TADF
applications and to investigate the interaction between donor
and acceptor, we performed density functional theory (DFT)
calculations to obtain the frontier molecular orbitals and energy
levels of 4Ac25CzPy and 4Ac35CzPy. The Becke 3-parameter
Lee–Yang–Parr (B3LYP)22–25 hybrid functional was used together
with the def2-TZVP(-f) basis set. The RIJCOSX approximation26

with def2/J and def2-TZVP/C as auxiliary basis sets were used to

speed up the DFT calculation. Dispersion interactions were
accounted for using Grimme’s D3 dispersion correction with
Becke–Johnson damping (D3BJ).27 To account for the environ-
ment effects, conductor-like polarizable continuum model
(CPCM)28 calculations were performed with 2-MeTHF (e = 6.97)
as solvent. All electronic structure calculations were performed
using the ORCA 5.0.3 suite of programs.29–31

The structures for 4Ac25CzPy and 4Ac35CzPy were optimized at
their respective S0 potential energy surfaces (PESs). Frequency
calculations were then performed to confirm that the obtained
structures correspond to a minimum at their respective PES. To aid
in understanding the nature of the excited S1 and T1 states, we first
examined the molecular orbitals of 4Ac25CzPy and 4Ac35CzPy.

Table 1 shows the B3LYP-D3BJ/def2-TZVP(-f)/CPCM(2-
MeTHF) molecular orbitals: HOMO�1, HOMO, LUMO, and
LUMO+1 as well as their energies, in units of electron volt
(eV), for 4Ac25CzPy and 4Ac35CzPy at their S0 minimum
structures. Both of their HOMOs are localized on the acridan
fragment, while their HOMO�1 are delocalized on carbazole–
benzene–carbazole fragment. As for the LUMO and LUMO+1,
both correspond to a p-molecular orbital that is delocalized on
the benzene–pyrimidine fragment, except for the LUMO+1 of
4Ac25CzPy, which is mainly localized on the pyrimidine frag-
ment. Both materials have small HOMO and LUMO overlap, it
is consistent with the photophysical TADF results that achieve a
high quantum yield.

To understand the role of these molecular orbitals on the
excited states, TD-DFT calculations with the Tamm–Dancoff
approximation (TDA) were performed at the B3LYP-D3BJ/def2-
TZVP(-f)/CPCM(2-MeTHF) level to calculate the S1 and T1 vertical
excitation energies at the ground state geometry. In 4Ac25CzPy,

Fig. 3 Molecular structures of (a) 4Ac25CzPy and (b) 4Ac35CzPy with
thermal ellipsoids drawn at a 50% probability level.

Table 1 B3LYP-D3BJ/def2-TZVP(-f)/CPCM(2-MeTHF) orbitals and their corresponding orbital energies (in eV) for 4Ac25CzPy and 4Ac35CzPy at their
respective minimum S0 structures

Species HOMO�1 HOMO LUMO LUMO+1

4Ac25CzPy

�5.64 eV �5.23 eV �1.80 eV �1.46 eV

4Ac35CzPy

�5.72 eV �5.23 eV �1.97 eV �1.53 eV

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
02

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
R

ic
hm

on
d 

on
 7

/2
2/

20
24

 6
:5

1:
09

 P
M

. 
View Article Online

https://doi.org/10.1039/d3tc02820h


14398 |  J. Mater. Chem. C, 2023, 11, 14395–14403 This journal is © The Royal Society of Chemistry 2023

the S0 to S1 vertical excitation energy is 2.853 eV, while the S0 to
T1 vertical excitation energy is 2.782 eV. Meanwhile, in
4Ac35CzPy, the S0 to S1 vertical excitation energy is 2.731 eV,
while the S0 to T1 vertical excitation energy is 2.561 eV. In both
species the S1 and T1 excited states correspond to a HOMO to
LUMO excitation. The square of the wave-function coefficients
for the HOMO to LUMO transitions are greater than 94%.
Vertical excitation energies for higher excited states are provided
in Table S1 (ESI†).

The capability of 4Ac25CzPy and 4Ac35CzPy to exhibit TADF
characteristic is based on the rate of rISC. Since TADF contains
a rISC process that involves a population transfer from the T1

state back to the S1 state. Excited state geometry optimizations
were performed for 4Ac25CzPy and 4Ac35CzPy at these excited
states. These geometry optimizations were conducted using
TDA-B3LYP-D3BJ/def2-TZVP(-f)/CPCM(2-MeTHF) method. Table S2
(ESI†) shows the corresponding adiabatic excitation energies
(DEAdia

ST ) for these species. As shown in Table S2 (ESI†), the
DEAdia

ST for 4Ac25CzPy is 0.038 eV, while for 4Ac35CzPy the
DEAdia

ST is 0.088 eV. Such a small DEAdia
ST do suggest that rISC

can be thermally activated. Hence, based on their small singlet–
triplet gap, both 4Ac25CzPy and 4Ac35CzPy can exhibit TADF.

A natural transition orbital (NTO) analysis on the respective
minimum geometries of the S1 and T1 states for 4Ac25CzPy and
4Ac35CzPy reveals that the NTOs corresponding to the hole and
electron have a small orbital overlap, which is an indication
of a strong charge transfer character for these excited states
(Table S3, ESI†). To characterize the nature of these S1 and T1

states further, Inter-Fragment Charge Transfer (IFCT) calculations
were performed using the multifunctional wavefunction analyzer
(Multiwfn)32 package. Table 2 shows the apparent percent charge
transfer (CT) and percent local excitation (LE) for 4Ac25CzPy and
4Ac35CzPy. We note that both S1 and T1 states for these species
have a dominant CT character, which agrees with the NTO
picture. Also, since the S1 and T1 states for 4Ac25CzPy have a
stronger CT character when compare with those for 4Ac35CzPy, the
DEAdia

ST for 4Ac25CzPy is then expected to be smaller in comparison
with 4Ac35CzPy. We recall that the calculated DEAdia

ST for 4Ac25CzPy
is 0.038 eV, while that for 4Ac35CzPy is 0.088 eV. Notably, sig-
nificant CT contribution of the T1 state would effectively reduce the
DEST value. In our theoretical calculation, we expect that 4Ac25CzPy
and 4Ac35CzPy would definitely have considerable potential to
become excellent TADF materials.33

In addition to the DEAdia
ST , other key quantities that deter-

mine the rate of rISC are the spin–orbit coupling between the S1

and T1 state,34,35 and the reorganization energy (l). The mag-
nitude of S1 and T1 spin–orbit coupling matrix element
(SOCME) for 4Ac25CzPy and 4Ac35CzPy were calculated at the

T1 state’s minimum geometry and reorganization energy are
provided in Table S2 (ESI†). The |T1|ĤSO|S1| for 4Ac25CzPy and
4Ac35CzPy in 2-MeTHF are within the same order of magni-
tude. In particular, 0.224 cm�1 for 4Ac25CzPy and 0.210 cm�1

for 4Ac35CzPy.

Thermal properties

The thermal properties of 4Ac25CzPy and 4Ac35CzPy were
evaluated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), and the results and the data are
provided in Fig. S19 and S20 (ESI†), respectively. 4Ac25CzPy
and 4Ac35CzPy both exhibit a high thermal decomposition
temperature (Td, corresponding to 5% weight loss) of 378 and
344 1C, respectively. Thus, 4Ac25CzPy is structurally more
robust than 4Ac35CzPy. We tentatively attribute to the highly
congested 1,2,3-ortho-substituent arrangement of the electron-
rich acridan and carbazole units that may cause electronic
repulsion between the substituents.

In the DSC analysis for 4Ac35CzPy, the glass transition
temperature (Tg), crystallization temperature (Tc) or melting
temperature (Tm) could not be observed below 350 1C. For
4Ac25CzPy, high Tg and Tm values are measured at 146 and
306 1C, respectively. Besides, Tg and Tm, a Tc could be observed
at 243 1C in the second round of DSC scanning. In short,
4Ac25CzPy and 4Ac35CzPy show high thermal stability that may
be beneficial to the operational lifetime of their OLEDs.

Electrochemical properties

The energy levels for 4Ac25CzPy and 4Ac35CzPy were evaluated
by cyclic voltammetry (CV) and differential pulse voltammetry
(DPV), the corresponding electrochemical properties are sum-
marized in Table 3 and Fig. S21 (ESI†). The oxidation scan was
measured in dichloromethane, and the reductive scan was
performed in N,N-dimethylformamide. The HOMO and LUMO
levels were calculated by the DPV value of the oxidation and the
reduction. The values of Eox

DPV and Ere
DPV for 4Ac25CzPy and

4Ac35CzPy are 0.59/�2.20 and 0.56/�2.11 V, when using ferro-
cene as the internal standard. Therefore, the HOMO/LUMO
levels of 5.51/2.78 eV and 5.47/2.85 eV for 4Ac25CzPy and
4Ac35CzPy are estimated respectively. The higher HOMO with
a lower LUMO levels for 4Ac35CzPy implies that 4Ac35CzPy
should have a stronger electron donor and a better electron
acceptor characteristic. These are consistent with our previous
results in the X-ray crystallographic analysis as well as in our
theoretical studies.

Photophysical properties

The photophysical properties including UV-vis absorption and
low temperature photoluminescence spectra of 4Ac25CzPy and
4Ac35CzPy are shown in Fig. 4(a) and (b), and key parameters
are summarized in Table 3. UV-vis absorption was measured in
THF solution, low temperature fluorescence (LTFL) and low
temperature phosphorescence (LTPh) were measured in
2-methyltetrahydrofuran (2-MeTHF) with a concentration of
1 � 10�5 M at 77 K. 2-MeTHF has been used for measurement
in order to avoid crystallization of the solvent at low temperature.

Table 2 Apparent charge transfer (CT) and local excitation (LE) percen-
tage characters for the S1 and T1 excited states with 2-MeTHF as solvent

Molecule

S1 state T1 state

CT (%) LE (%) CT (%) LE (%)

4Ac25CzPy 90.4 9.6 86.5 13.5
4Ac35CzPy 84.0 16.0 78.3 21.7

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
02

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
R

ic
hm

on
d 

on
 7

/2
2/

20
24

 6
:5

1:
09

 P
M

. 
View Article Online

https://doi.org/10.1039/d3tc02820h


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 14395–14403 |  14399

Furthermore, the thin film photoluminescence (PL), which is
presented in Fig. 4(c), was also measured to simulate the
emission in the device.

As shown in Fig. 4(a) and (b), 4Ac25CzPy and 4Ac35CzPy exhibit
similar UV absorption profiles, in which the strong absorption at
peaked at 290 nm is assigned to the p–p* transitions of conjugated
aromatic moieties. The weaker absorption between 300–350 nm
usually arises from the carbazole n–p* transition, and the weakest
absorption between 350–450 nm is due to the intramolecular
charge transfer (ICT) transitions mainly from the acridan to
the pyrimidine unit. However, as we mentioned before, due to
the stronger acridan–phenylene–pyrimidine p-conjugation in
4Ac35CzPy, the ICT absorption at around 400 nm is significantly
stronger than that of 4Ac25CzPy. The onset of absorption for
4Ac25CzPy and 4Ac35CzPy in solution are 399 and 436 nm,
respectively and were estimated from the spectral data that corre-
sponds to optical energy gap (Eg) of 3.1 and 2.8 eV, respectively.

Fluorescence emissions for 4Ac25CzPy and 4Ac35CzPy in
THF at room temperature are red shifted significantly. The
room temperature FL spectra for 4Ac25CzPy and 4Ac35CzPy
show an emission maximum at 508 and 480 nm, respectively.
Their corresponding luminous colour exhibit greenish-blue
(4Ac25CzPy) and bluish-green (4Ac35CzPy), respectively. These
results indicate that the spectral properties of 4Ac25CzPy and

4Ac35CzPy can be significantly perturbed by the environment.
This is perhaps originated from the ICT character of the TADF
emitters. Fig. 5(a) and (b) show the solvatochromism of
4Ac25CzPy and 4Ac35CzPy in solvents with various polarities.
The emission maximum of 4Ac25CzPy spans a range of about
100 nm in various solvents, from 456 nm in cyclohexane red-
shifting to 552 nm in acetonitrile. Similarly, the emission
maximum of 4Ac35CzPy spans a range of about 90 nm, from
462 nm in cyclohexane red-shifting to 548 nm in acetonitrile.
These results are consistent with the assumption of the ICT
character in their S1 states; polar solvents can stabilize their
polar S1 excited state and hence leading to a red-shift of their
emissions.

The triplet states energy for 4Ac25CzPy and 4Ac35CzPy were
determined from the onset of their LTPh spectra, in which the
energy of 2.96 and 2.72 eV for their T1 states have been found
respectively. The energy splitting of 0.15 and 0.14 eV of their S1

and T1 states (DEST) are therefore estimated; both are lower
than 0.2 eV, implying their potential for harvesting triplet
excitons through rISC process for TADF emissions. In solid
thin film, their fluorescence emissions peaked at 493 nm and
508 nm for 4Ac25CzPy and 4Ac35CzPy. These peaks are red-
shifted when compared to measurements in cyclohexane
(Fig. 4(c) and Table 3). We tentatively attribute the bathochro-
mic shifts in the solid state to the intermolecular p-stacking
effects of the molecules. Nevertheless, the photoluminescence
of 4Ac25CzPy and 4Ac35CzPy can still be considered as sky-blue
to bluish green.

4Ac25CzPy and 4Ac35CzPy in doped films, using o-DiCbzBz36

as host with volume concentration of 12%, show an unexpect-
edly high photoluminescence quantum yield (PLQY) values of
52.8% and 65.1% (Fig. S22, ESI† and Table 4). Since the DEST of
4Ac25CzPy and 4Ac35CzPy are smaller than 0.2 eV, we wonder if

Table 3 Photophysical properties for 4Ac25CzPy and 4Ac35CzPy

Material

Absorption [nm]
solutiona/film

Eg
b [eV] solution/film

Emission [nm] solution/film

S1
d [eV] T1

d [eV] DEST [eV] Fe [%]
Energy levelf [eV]
HOMO/LUMOlabs

onset lFL
max

a lLTFL
onset

c lLTPH
onset

c

4Ac25CzPy 399/436 3.1/2.8 508/493 378 419 3.28 2.96 0.15 70 5.7/2.9
4Ac35CzPy 436/460 2.8/2.7 480/508 423 456 2.93 2.72 0.14 70 5.6/2.9

a Measure in solution of THF (1 � 10�5 M). b Estimation of energy gap by the equation of 1240.8/labs
onset.

c Measured in 2-MeTHF with the
concentration of � 10�5 M at 77 K. d Estimation of singlet and triplet state energy is using equation of 1240.8/lLTFL

onset and 1240.8/lLTPH
onset .

e Phenanthrene was used as a reference in the cyclohexane. f Value in film: HOMO is measured by AC-II and LUMO = HOMO � Eg.

Fig. 4 UV-vis and PL spectra of (a) 4Ac25CzPy and (b) 4Ac35CzPy in
solution; (c) thin film. Fig. 5 Solvatochromism of (a) 4Ac25CzPy and (b) 4Ac35CzPy.
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TADF does play important roles in the light emission process. To
verify this hypothesis, transient PL (TrPL) measurements are
conducted (Fig. 6), where both compounds show a typical TADF
behaviour with a nanosecond-scale prompt component followed
by a microsecond-scale delayed component. The prompt exciton
lifetime (tp) and delayed exciton lifetime (td) are monitored by
fitting the luminescence decay curves according to the unim-
olecular exponential decay model. The tp/td of 8.15 ns/60 ms and
11.8 ns/73.2 ms for 4Ac25CzPy and 4Ac35CzPy are therefore
estimated, respectively (Table 4). The quantum efficiency of the
prompt and delay fluorescence can then be obtained as well,
which was measured from the intensity ratio by counting the
TrPL signals from 0 to 5 ms as prompt component and the
remaining as TADF component. Thus, the total PLQY values
(Ftotal) of 4Ac25CzPy and 4Ac35CzPy can be separated into
the prompt (Fprompt) and the delayed (Fdelayed) fluorescence
emissions. The rate constants of kr, knr, kISC, krISC for thin films
have been also evaluated and summarized (Table 4) according to
the reported method,37,38 and the details regarding calculation
can be accessed in the ESI† as well. Notably, 4Ac35CzPy exhibits
a faster rate constant of rISC of 7.0 � 104 s�1 relative to
4Ac25CzPy of 6.8 � 104 s�1, which might benefit better device
performance in OLEDs.

Electroluminescence

According to the above evaluations, we wonder if 4Ac25CzPy
and 4Ac35CzPy can be used as blue light TADF emitters for
OLEDs. The devices with a configuration of ITO/1,1-bis[(di-4-
tolylamino) phenyl] cyclohexane, TAPC/N,N-dicarbazolyl-3,5-
benzene, mCP/emitting layer (EML)/diphenylbis[4-(pyridin-3-
yl)phenyl]silane, DPPS/LiF/Al is fabricated and used in our
tests. 4Ac25CzPy and 4Ac35CzPy were doped respectively into
o-DiCbzBz36 to form the EML. TAPC, mCP, and DPPS, as shown
in Fig. 7, are used correspondingly as the hole transporting

layer (HTL), electron blocking layer (EBL) and electron trans-
porting layer (ETL). The HOMO and LUMO values of the
materials shown in the energy level alignment diagram in
Fig. 7 come from the literature.39 The HOMO of 4Ac25CzPy
and 4Ac35CzPy are determined by AC-II (Fig. S23, ESI†), whose
LUMO are calculated from the HOMO and the optical gap Eg.

The OLED devices with 4Ac35CzPy and 4Ac25CzPy as the
emitters were optimized through a sequence of optimization
procedure including variation of dopant concentration, DPPS
thickness and EML thickness (Tables S4, S5 and Fig. S24–S26,
ESI†). Consequently, the optimal device structure for the
4Ac35CzPy OLED is ITO/TAPC (50 nm)/mCP (10 nm)/12%
4Ac35CzPy: o-DiCbzBz (30 nm)/DPPS (55 nm)/LiF (0.8 nm)/Al
(120 nm) and the devices of 4Ac25CzPy were then fabricated by
using the same device structure for comparison.

EL performance of the 4Ac25CzPy and 4Ac35CzPy devices
including spectral behaviour, current density–luminance–voltage
( J–L–V) characteristics and efficiency curves are summarized in
Fig. 8 and Table 5. Fig. 8(a) shows the EL emissive spectra peaked
at 483 and 494 nm for 4Ac25CzPy and 4Ac35CzPy, corresponding
to Commission internationale de l’éclairage (CIE) 1931 coordi-
nates of (0.156, 0.396) and (0.185, 0.403). The OLED devices of
4Ac25CzPy and 4Ac35CzPy have a turn-on voltage (Von) of 2.9 and
3.4 V at 1 cd m�2 and achieve the highest luminance of 2635 and
3288 cd m�2 (Fig. 8(b)). The OLED of 4Ac25CzPy shows the
highest current efficiency (Zc) of 31.48 cd A�1, power efficiency
(Zp) of 28.3 lm W�1, and ZEQE of 12.4%, respectively. By contrast,
4Ac35CzPy device shows the highest current efficiency (Zc) of
53.3 cd A�1, Zp of 48.1 lm W�1, and ZEQE of 21.2%. In addition,
these devices still demonstrate reasonable efficiency at high lumi-
nance of 1000 cd m�2 with ZEQE of 6.6% and 11.9% for 4Ac25CzPy
and 4Ac35CzPy devices, out of which the efficiency roll-off is
essentially from TTA, triplet-polaron annihilation (TPA) and/or
the loss of carrier balance in OLEDs.40 Other than the above
reasons, another contributing factor might be the long triplet
life-times that are reflected on their significantly long

Table 4 Physical data of 4Ac25CzPy and 4Ac35CzPy-doped film

Material Ftotal/Fprompt/Fdelay
a [%] tp

b [ns] td
b [ms] kr,s

c [� 107 S�1] knr,T
c [� 103 S�1] kISC

d [� 107 S�1] krISC
d [� 104 S�1]

4Ac25CzPy 52.8/11.4/41.4 8.2 60.0 1.4 8.9 10.9 6.8
4Ac35CzPy 65.1/11.7/53.4 11.8 73.2 1.0 5.4 7.4 7.0

a Photoluminescence quantum yield of overall, prompt and delayed fluorescence. b Exciton lifetime of prompt and delayed fluorescence obtained
from TrPL. c Rate constant of radiative decay from S1 to S0 (Kr,s) and nonradiative decay of T1 to S0 (Knr,T). d Rate constant of intersystem crossing
(ISC) and reverse intersystem crossing (rISC).

Fig. 6 TrPL of (a) prompt and (b) delayed decay curves for 4Ac25CzPy
and 4Ac35CzPy in doped film.

Fig. 7 Energy band diagram and chemical structure of materials used in
OLEDs.
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luminescence decay times. This would lead to an accumulation
of excessive triplet excitons at higher applied voltages, leading to
issues associated with triplet–triplet quenching and subsequent
efficiency reduction. In particular, characterized by its more
prolonged fluorescence delay, 4Ac35CzPy experiences a more
obvious reduction in efficiency.

The TADF behaviours of the triplet excitons in EL device
have been further investigated by using transient electrolumi-
nescence (TrEL) measurements (Fig. 9). The TrEL of the OLED
are monitored under various driven current density. The TrEL
of 4Ac25CzPy and 4Ac35CzPy devices show typical TADF decay
behaviour under all driving conditions. The long EL decay
attributed to the triplet excitons could last several hundred
microseconds.41 Due to the triplet-polaron annihilation, the
decay time decreases while the driven voltage pulse increases,
which are reflected on the current density decay. All these
observations in TrEL are consistent with the hypothesis of
exciton harvesting through TADF (Fig. 6).

Although the PLQY values of around 70% for both 4Ac25CzPy
and 4Ac35CzPy are similar in solution, the PLQY values are
different in their doped films in o-DiCbzBz, with 4Ac35CzPy
exhibiting higher PLQY value (65%) compared to that of 4Ac25CzPy
(53%) (Table 3). This disparity may still have a contribution to the

EL performance so that 4Ac35CzPy achieves a higher ZEQE than
4Ac25CzPy. In general, the PLQY in solid state is typically lower
than that in solution state due to the concentration quenching
effect. To prevent that, host-dopant system is commonly employed,
and therefore energy transfer efficiency of host-dopant system is a
vital factor for reaching high efficiency OLEDs.

To investigate the energy transfer efficiency in OLEDs, the
UV-vis spectra of dopants and FL spectrum of o-DiCbzBz, the
host, were measured and are shown in Fig. 4(b). The good
spectral overlap between the UV-vis of 4Ac25CzPy and 4Ac35CzPy
and FL of o-DiCbzBz should allow efficient Förster energy
transfer in these system.42 Due to the presence of the large CT
absorption band at around 400 nm, one may expect that the
energy transfer from o-DiCbzBz to 4Ac35CzPy will be more
effective. This may account for its high PLQY value of 65.1% in
solid state. Notably, the value of 4Ac35CzPy is comparable to that
in solution state (70%), indicating efficient energy transfer. In
contrast, a significant difference in PLQY between solution and
solid states is observed for 4Ac25CzPy. This disparity might be
attributed partly to the poor singlet energy transfer. However, a
careful examination of the PLQY data reveals that the low
quantum yield of 4Ac25CzPy is mainly due to the relatively low
Fdelayed value, which is related to the triplet exciton characters.
Since 4Ac25CzPy has a higher T1 energy of 2.96 eV, which is close
to that of 3.1 eV for o-DiCbzBz, partial triplet excitons backflow
from 4Ac25CzPy to o-DiCbzBz becomes possible. This may
explain why 4Ac25CzPy has a relatively low PLQY in the doped
film as well as the EL performance.

Besides, molecular orientation recently has been considered
as a crucial factor in the molecular design of efficient OLED.
To investigate the orientation of the transition dipole moment,
angle dependent photoluminescence (ADPL) measurement
for 4Ac25CzPy and 4Ac35CzPy incorporated with o-DiCbzBZ
was conducted (Fig. S27, ESI†). A laser with an excitation
wavelength of 325 nm is used to excite the mixed film, and the

Fig. 8 (a) EL spectrum at 4 V; (b) J–L–V characteristics; (c) the plot of efficiency versus current density for 4Ac25CzPy and 4Ac35CzPy devices.

Table 5 EL performance for 4Ac25CzPy and 4Ac35CzPy devices

Device Von
a (V) Lb (cd m�2) ZCE

c (cd A�1) ZPE
c (lm W�1) ZEQE

c (%) lEL (nm) CIEd (x, y)

4Ac25CzPy 2.9 2635 31.5/27.6/16.6 28.3/20.7/8.7 12.4/10.9/6.6 483 (0.156, 0.396)
4Ac35CzPy 3.4 2724 53.3/44.9/31.1 48.1/32.9/14.9 21.2/17.2/11.9 494 (0.185, 0.403)

a Turn on voltage at 1 cd m�2. b Maximum luminance. c Measured at maximum, 100 cd m�2, 1000 cd m�2. d Measure at 4 V.

Fig. 9 TrEL signal with various current density (J = 0.5, 1, 5, 10 mA cm�2)
for OLEDs employed (a) 4Ac25CzPy and (b) 4Ac35CzPy.
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emissive intensity is monitored under different angles to probe
the optical transition dipole and molecular alignment.43 For
comparison, two specifically ideal cases of molecules in perfectly
horizontal orientation (Y = 1) and an isotropic orientation (Y =
0.66) are also performed, as shown in Fig. S27 (ESI†). The ADPL
profiles for both two materials are found to align with the region
isotropic orientation, resulting in the YADPL values of 0.62 and
0.63 for 4Ac25CzPy and 4Ac35CzPy, respectively. Even though
our ADPL results indicates the absence of ordered alignment, the
light out-coupling from the OLED is still very efficient and could
achieve a high outcoupling efficiency (ZEQE)44 of 12.4% and
21.2% respectively. In short, the low efficiency of 4Ac25CzPy
device was attributed to the comprehensive effects that include
lower PLQY in solid state, inefficient energy transfer from host to
dopant, and less horizontal orientation relative to 4Ac35CzPy, or
perhaps having energy backflow to the host matrix due to its
high triplet energy level.

Introduction of the carbazolyl moieties to the Ac–PM skele-
ton at various positions definitely creates certain extents of
different perturbation to their conformational, electronic and
photophysical behaviour. First, variation of their torsional
angles can be clearly seen in the crystallographic analysis;
while the conformation of the acridan in 4Ac35CzPy is forced
to be planar due to the steric repulsion of the carbazole groups
on both sides, the torsional angle between the pyrimidine unit
and the central phenyl ring is obviously smaller when com-
pared with that of 4Ac25CzPy, in which the steric hindrance
arising from the adjacent carbazolyl group at the 2-position
may favour to have the pyrimidine ring less conjugated with the
phenylene unit. In addition, being squeezed in between two
p-electron-rich carbazole groups at the 3,5-position, the acridan
group in 4Ac35CzPy shows a higher HOMO in the film state
by 0.1 eV (Table 3), leading to a slightly red-shift of the CIE.
Although both 4Ac25CzPy and 4Ac35CzPy demonstrate high
PLQY in solution and have long luminescence decay time in the
TrPL spectra, 4Ac35CzPy exhibits minimal influence on its
PLQY in the solid state, implying that the triplet quenching
effects is small. This might be due to the intermolecular steric
hindrance that suppresses the p–p stacking interactions and
triplet excimer formation. Therefore, the triplet quenching
effects are significantly reduced.

Conclusions

In summary, two novel AcPM based TADF emitters of 4Ac25CzPy
and 4Ac35CzPy are successfully synthesized. They are recognized to
exhibit pronounced TADF behaviour in the TrPL. As a result, OLEDs
incorporating 4Ac25CzPy and 4Ac35CzPy achieve a maximum ZEQE

of 12.4 and 21.2%, respectively. The EL performance of 4Ac35CzPy
and 4Ac25CzPy OLED are comparable to acridan-pyrimidine-based
TADF OLEDs reported in previous literatures.14,45 The origin for the
high efficiency in 4Ac35CzPy has been investigated and found to be
primarily attributed to the high PLQY value in solid state, which
came from the well energy transfer from the host to the emitter, and
high light out-coupling efficiency.
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