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Multiple resonance thermally activated delayed
fluorescence enhanced by halogen atoms†

Youngnam Lee and Jong-In Hong *

We synthesized halogen-substituted multiple-resonance (MR) ther-

mally activated delayed fluorescence emitters, namely 2,12-dichloro-

N,N,5,9-tetrakis(4-chlorophenyl)-5,9-dihydro-5,9-diaza-13b-boranaphtho

[3,2,1-de]anthracen-7-amine (Cl-MR) and 2,12-dibromo-N,N,5,9-tetrakis

(4-bromophenyl)-5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]an-

thracen-7-amine (Br-MR). Cl-MR and Br-MR exhibited a decreased

delayed fluorescence lifetime and an enhanced reverse intersystem

crossing rate without any changes in DEST and orbital distribution

compared with a non-halogenated MR emitter. Cl-MR exhibited a high

photoluminescence quantum yield (PLQY) of 85% and external quan-

tum efficiency (EQE) of 17%; however, Br-MR did not exhibit any

enhancement in the PLQY and EQE. The different performances of

Cl-MR and Br-MR were rationalized by analysing the rate constants of

the excited states and bond dissociation energies of the carbon–

halogen bonds.

1. Introduction

Recently, a number of studies have been conducted to develop
organic light-emitting diode (OLED) emitters using thermally
activated delayed fluorescence (TADF).1–3 TADF emitters typi-
cally consist of twisted electron donor–acceptor structures to
separate the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO). Consequently,
the energy difference between the singlet and triplet states
(DEST) could be sufficiently small to reverse the intersystem
crossing (ISC) between the singlet and triplet states. Thus,
triplet states can also participate in the emission, as delayed
fluorescence and 100% internal quantum efficiency can be
achieved. Based on this concept, several devices involving high
external quantum efficiency (EQE) of red, green, and blue
emitters have been reported.4–6 However, because twisted TADF

structures exhibit strong charge transfer emission and possess
high reorganization energy,7 OLED fabrication leads to a wide
full width at half maximum (FWHM).

Hatakeyama et al. solved the problem of a wide FWHM by
introducing an electron-withdrawing boron and an electron-
donating nitrogen into a fused ring.3 Controlling the positions
of the boron and nitrogen atoms causes a difference in the
electron distribution along the ortho, meta, and para positions
relative to those atoms. This results in the separation of the
HOMO and LUMO, similar to the distorted TADF structures,
thus emitting a TADF emission. This phenomenon is known as
multiple-resonance thermally activated delayed fluorescence
(MR-TADF). In addition, the fused ring structure provides
structural rigidity, leading to enhanced photoluminescence
quantum yields (PLQYs) and reduced FWHM values.

The delayed fluorescence lifetime of a twisted TADF emitter
is short because the HOMO and LUMO are almost entirely
separated.8 However, the DEST values of MR-TADF molecules
are relatively large compared to those of twisted TADF mole-
cules because their HOMO and LUMO are not completely
separated.9 Therefore, MR-TADF emitters typically have a small
contribution from a delayed component to the total PLQY and a
long delayed fluorescence lifetime. Recently, sensitizers were
introduced to resolve the long delayed fluorescence lifetime of
MR-TADF.10,11 However, with the introduction of sensitizer, the
electronic interactions between the host, sensitizer, and MR-
TADF emitter must be considered in a complicated manner.12

Therefore, these intrinsic problems of MR-TADF emitters can
be overcome by reducing the delayed lifetime of the MR-TADF
molecule itself.

The interactions between the singlet and triplet states can be
expressed by eqn (1) as follows:

l p HSO/DEST (1)

The first-order mixing coefficient (l) between the singlet and
triplet states is proportional to the spin–orbit interaction (HSO)
and inversely proportional to DEST.13 Twisted TADF molecules
can enhance l by lowering DEST, but because MR-TADF emitters
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have some overlap of the HOMO and LUMO, they cannot
significantly reduce the DEST. However, l can be increased by
increasing the HSO despite the large DEST. When a heavy atom is
introduced, the orbital and spin angular momentum are mixed,
thus increasing the HSO; this is called the heavy-atom effect. The
heavy-atom effect can be introduced not only by transition
metals such as Ir or Pt but also by halogen atoms such as
chlorine and bromine.14–18

With the introduction of halogens into twisted TADF emitters,
the performance of OLED devices improved in some cases.16–18

However, a negative effect of halogens was observed when halo-
gens were introduced into the TADF emitters with a large rate
constant of reverse intersystem crossing (kRISC).16 These molecules
did not emit fluorescence from the excited state because the rate
constants of intersystem crossing (kISC) (B108) and kRISC (B107)
were larger than the rate constant of radiative decay (ks

r) (B106).
However, when halogens were introduced to twisted TADF mole-
cules with a small kRISC, the PLQY, EQE, and roll-off were
improved.18 MR-TADF molecules have a large ks

r of 107–108 but a
very small kRISC of 104. Recently, the kRISC values of MR-TADF
emitters were drastically enhanced by introducing heavy
chalcogens.19–21 We also expected that the small kRISC problem
of MR-TADF emitters could be resolved by introducing halogens.
Herein, we report the first case of improving the TADF perfor-
mance by introducing halogens into an MR-TADF molecule.

We have designed 2,12-dichloro-N,N,5,9-tetrakis(4-chlorophenyl)-
5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracen-7-amine
(Cl-MR) and 2,12-dibromo-N,N,5,9-tetrakis(4-bromophenyl)-5,9-
dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]anthracen-7-amine
(Br-MR), in which six Cl and Br atoms were substituted for six
peripheral H atoms at the para positions of three N atoms of an
N,N,5,9-tetraphenyl-5,9-dihydro-5,9-diaza-13b-boranaphtho[3,2,1-de]
anthracen-7-amine (MR) emitter, respectively. The syntheses of Cl-
MR and Br-MR were simple, even in the presence of six halogen
atoms, via one-pot borylation. Density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) calculations
revealed enhanced spin–orbit coupling in both Cl-MR and Br-MR.
Experimental observation through photoluminescence (PL) and
transient PL studies confirmed that halogenated MR emitters
efficiently used triplet states in both the solution and film states.
In particular, Cl-MR exhibited an improved PLQY (85%) compared
with MR (75%) and an EQE of 17%. However, despite the signifi-
cantly reduced delayed lifetime of Br-MR, its PLQY and EQE did not
improve. This was rationalized through the analysis of kinetic rates
and calculations of bond dissociation energy (BDE).

2. Results and discussion
2.1 Calculations

DFT and TD-DFT calculations were performed to make theoretical
predictions of the geometries, orbital distributions, spin–orbit
coupling constants, and energies of the excited states. The geome-
tries in the ground state were optimized with the B3LYP functional
and the 6-31G(d) basis set using Gaussian 09 software. Calcula-
tions for Br-MR were performed using the B3LYP functional and

LANL2DZ basis sets. The spin–orbit coupling constants were
calculated using TD-DFT with the B3LYP/G functional and the
def2-SVP basis set in ORCA 5.0.1 software. The calculated results
are shown in Fig. 1 and summarized in Table 1. Because MR, Cl-
MR, and Br-MR are all MR-TADF molecules, they exhibit different
orbital distributions between the HOMO and LUMO along the
ortho, meta, and para positions. The substitution of halogen atoms
did not cause any changes in the frontier orbitals. To examine the
effect of halogen atoms in the excited state, natural transition
orbital (NTO) calculations were also performed by employing the
B3LYP functional and the 6-31G(d) basis set using Gaussian 09
(Fig. S1–S3, ESI†). The halogen atoms also did not cause any
changes in NTO 1, 2, and 3. Therefore, even if halogens are
introduced, there is no change in the PL mechanism.

When an electron-donating group (EDG) is introduced, Egap

decreases while the HOMO and LUMO increase; however, in
the case of the electron-withdrawing group (EWG), Egap

increases while the HOMO and LUMO decrease.22,23 Unlike
typical EDGs or EWGs, a halogen element can act as both EDG
and EWG. The halogen element can act as an EDG because of
the non-bonding orbital on the halogen or as an EWG owing to
its electronegativity. Therefore, when halogen atoms are intro-
duced, Egap may decrease, whereas both HOMO and LUMO
decrease. This tendency was confirmed using DFT calculations.
Changes in HSO owing to the substitution by halogen elements
were confirmed using TD-DFT calculations. With the introduc-
tion of Cl and Br, HSO sequentially increased from no substitu-
tion to Cl and Br substitution via the heavy-atom effect.
Therefore, it is expected that Cl and Br can enhance TADF
emissions by accelerating the singlet–triplet interactions.

2.2 Synthesis

Cl-MR and Br-MR were synthesized as shown in Scheme 1.
First, compound 1 was prepared by dehydration of

Fig. 1 Molecular structures and frontier orbitals (blue: HOMO, red:
LUMO). (a) MR, (b) Cl-MR, and (c) Br-MR.
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phloroglucinol and 4-halogenated aniline using an acid
catalyst.24 Next, compound 2 was synthesized by reacting 1
with aryl bromide via the Buchwald Hartwig reaction using the
1,10-bis(diphenylphosphino)ferrocene (dppf) ligand. Finally, Cl-
MR and Br-MR were synthesized using BBr3 via one-pot boryla-
tion at 200 1C in ortho-dichlorobenzene (o-DCB). MR-TADF
molecules with a fused ring structure are typically constructed
through selective borylation via a lithium–halogen exchange
reaction.3 However, in the case of halogenated MR-TADF, it is
challenging to selectively perform borylation through lithium–
halogen exchange because of the presence of pre-existing
halogens. DFT calculations (B3LYP/6-31G(d)) were performed
to predict the orbital distributions of 2-Cl and 2-Br. Electrons in
the HOMOs of 2-Cl and 2-Br are mainly concentrated at the
ortho-position of nitrogen (Fig. S4, ESI†). Therefore, we were
able to selectively perform borylation in a one-pot reaction
without a lithium–halogen exchange reaction. The new com-
pounds were purified by column chromatography, recrystallisa-
tion, and vacuum thermal sublimation. Cl-MR and Br-MR were
fully characterized by proton nuclear magnetic resonance
(1H-NMR), carbon nuclear magnetic resonance (13C-NMR),
and high-resolution mass spectrometry (HR-MS), and elemen-
tal analysis (EA).

2.3 Photophysical properties

Photophysical and electrochemical properties were evaluated
using ultraviolet-visible (UV-vis) absorption, cyclic voltammetry
(CV), photoluminescence (PL), and time-correlated single-
photon counting (TCSPC) experiments. The photophysical
properties of the emitters in the solution and film states are
shown in Fig. 2 and 3 and summarized in Tables 2 and 3. MR
exhibited UV absorption at 430 nm, and Cl-MR and Br-MR at

443 nm, which correspond to the HOMO–LUMO transition. The
HOMO levels of MR, Cl-MR, and Br-MR were calculated using
CV measurements. The LUMO energies were calculated from
CV and UV-vis measurements. The HOMO and LUMO of MR
were at 5.09 and 2.32 eV, respectively, whereas Cl-MR and Br-
MR exhibited a HOMO at 5.28 eV and a LUMO at 2.60 eV. As
observed from the DFT calculations, both the HOMO and
LUMO decreased, and Egap also decreased under the influence
of halogen atoms. As Egap reduced, the maximum emission
wavelength was red-shifted in Cl-MR (460 nm) and Br-MR
(460 nm) compared to that in MR (447 nm). However, no
changes were observed in the spectral shape. The FWHM values
were the same for MR, Cl-MR, and Br-MR (27 nm in the
solution and 36 nm in the film). This result can be attributed
to the same emission mechanism for MR, Cl-MR, and Br-MR, as
shown in the NTO calculations.

To obtain the DEST values for MR, Cl-MR, and Br-MR, their
PL spectra in toluene were examined at room temperature (RT)
and 77 K (Fig. 2). All three compounds exhibited fluorescence

Table 1 Calculated data

Compound HOMO [eV] LUMO [eV] Egap
a [eV] S1

b [eV] T1
c [eV] T2

d [eV] hS1|HSO|T1i e [cm�1] hS1|HSO|T2if [cm�1]

MR 4.76 1.08 3.68 3.145 2.678 2.927 0.06 0.19
Cl-MR 5.33 1.75 3.58 3.043 2.581 2.857 0.06 0.68
Br-MR 5.42 1.84 3.58 3.052 2.599 2.864 0.19 2.21

a Energy gap between the HOMO and LUMO. b Energy of the 1st singlet excited state. c Energy of the 1st triplet excited state. d Energy of the 2nd
triplet excited state. e Spin–orbit coupling constant between the S1 and T1. f Spin–orbit coupling constant between the S1 and T2.

Scheme 1 Synthetic routes of Cl-MR and Br-MR.

Fig. 2 Photophysical properties in toluene (10�5 M) solution. (a) UV-vis
and PL, (b) fluorescence and phosphorescence spectra of MR, (c) fluores-
cence and phosphorescence spectra of Cl-MR, (d) fluorescence and
phosphorescence spectra of Br-MR, (e) transient PL in aerated toluene
solution, and (f) transient PL in toluene solution after argon bubbling.
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only at RT and phosphorescence at 77 K with a 100 ms delay.
MR, Cl-MR, and Br-MR exhibited the same DEST values, indi-
cating that the halogens had no effect on DEST. However, the PL
spectra measured without delay at 77 K in toluene exhibited
different phosphorescence and fluorescence ratios. In the case
of typical TADF emitters, the HSO was low based on the spin
selection rule, and thus fluorescence is predominant at low

temperatures with a 0 ms delay.25 However, owing to the heavy-
atom effect, relative intensity of phosphorescence versus fluores-
cence increased in the order of MR, Cl-MR, and Br-MR, parallel
with the atomic size. That is, the singlet–triplet interaction was the
strongest in Br-MR despite having the same DEST. This tendency
was also observed through TCSPC. All three compounds exhibited
fluorescence without TADF emissions in an aerated toluene
solution. However, after bubbling for 10 min using argon gas, all
three materials exhibited TADF emission, but the ratio of TADF
emission increased in the order of MR, Cl-MR, and Br-MR.
Consequently, low-temperature PL and TCSPC experiments veri-
fied the effect of the halogen atoms in solution states.

To confirm the photophysical properties of the films, 10
wt% doped films with a thickness of 50 nm were deposited on
quartz using a bis [2-(diphenylphosphino)phenyl] ether oxide
(DPEPO) host. To confine all the triplets, DPEPO with high
triplet energy (3.0 eV) was used.26 The HOMO and LUMO of
DPEPO (6.5 and 2.5 eV, respectively) were also properly aligned
with MR, Cl-MR, and Br-MR.27 At RT, the emission wavelength
of the doped films was slightly red-shifted, and the FWHM
increased by 9 nm because of the polarity of DPEPO (Table 2).
Because of the different Egap values of MR and Cl-MR/Br-MR,
the emission wavelengths of Cl-MR and Br-MR were also red-
shifted compared to those of MR, but the shape and FWHM of
the spectra were the same. As in the toluene solution, the PL
spectra of the doped films at RT and 77 K with a 100 ms delay
exhibited only fluorescence and phosphorescence, respectively
(Fig. 3). However, at 77 K with a 0 ms delay, the ratio of
phosphorescence to fluorescence increased in the order of
MR, Cl-MR, and Br-MR, as in the toluene solution states. The
singlet and triplet interactions in the film state also increased
in the same order as that in the solution state.

The effect of the halogens was also confirmed through
TCSPC using the doped films. The rate constants were

Fig. 3 Photophysical properties of the 10 wt% doped films in the DPEPO
host. (a) PL spectra, (b) fluorescence and phosphorescence spectra of MR,
(c) fluorescence and phosphorescence spectra of Cl-MR, (d) fluorescence
and phosphorescence spectra of Br-MR, (e) transient PL of PicoHarp
mode, and (f) transient PL of NanoHarp mode.

Table 2 Photophysical and electrochemical properties of MR series

Compound lmax
a/b [nm] FWHMa/b [nm] HOMOc [eV] LUMOd [eV] Egap

e [eV] S1
f [eV] T1

g [eV] DEST
h [eV] Fbi [%] FPF

bj [%] FDF
bk [%]

MR 447/456 27/36 5.09 2.32 2.77 2.85/2.80 2.71/2.67 0.14/0.13 75 70 5
Cl-MR 460/474 27/36 5.28 2.59 2.69 2.77/2.71 2.63/2.58 0.14/0.13 85 51 34
Br-MR 460/474 27/36 5.28 2.59 2.69 2.79/2.71 2.67/2.59 0.14/0.13 76 13 63

a Measured in toluene solution (10�5 M). b Measured in 10 wt% doped films with the DPEPO host. c Estimated from the onset potentials in CV
experiments. d HOMO + optical energy gap. e Optical energy gap. f Energy of the 1st singlet state. g Energy of the 1st triplet state. h Energy
difference between the S1 and T1. i Absolute PLQY. j PLQY of prompt fluorescence. k PLQY of delayed fluorescence.

Table 3 Lifetimes and rate constants of MR series

Compound
tPF

a

(ns)
tDF

b

(ms)
ks

r
c

(�108)
kDF

d

(�104)
kIC

e

(�107)
kISC

f

(�107)
kRISC

g

(�104)
Fs

r
h

(%)
FIC

i

(%)
FISC

j

(%)
Fs

r�FISC
(%)

FIC�FISC
(%)

FISC�FISC
(%)

MR 4.6 39 1.5 2.6 5.0 1.6 2.8 70 23 7 5 1.7 0.55
Cl-MR 4.1 17 1.2 5.8 2.2 9.8 9.8 51 9 40 20 3.6 16
Br-MR 1.0 9.9 1.3 10 4.1 83 59 13 4 83 11 3.4 69

a Lifetime of prompt fluorescence. b Lifetime of delayed fluorescence. c Rate constant of radiative decay. d Rate constant of delayed fluorescence.
e Rate constant of internal conversion. f Rate constant of intersystem crossing. g Rate constant of reverse intersystem crossing. h ks

r/(k
s
r + kIC + kISC).

i kIC/(ks
r + kIC + kISC). j kISC/(ks

r + kIC + kISC).
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calculated using PLQYs and the lifetimes of prompt and
delayed fluorescence (Table 3).28,29 First, the lifetime of the
prompt component decreased in the order of MR, Cl-MR, and
Br-MR (Fig. 3e). Consequently, it was confirmed via the Pico-
Harp mode that kISC increased in the order of MR, Cl-MR, and
Br-MR owing to the heavy-atom effect. In addition, it was
possible to confirm a gradual increase in the PLQY of the
delayed fluorescence (FTADF) and a decrease in the delayed
lifetime (tDF) through the NanoHarp mode in the order of MR,
Cl-MR, and Br-MR (Fig. 3f). However, Br-MR did not exhibit any
significant improvement in PLQY compared to MR, despite the
increased PLQY of the delayed fluorescence and the decreased
lifetime of the delayed component. The reason for this could be
analysed by calculating the rate constants of the excited states.
Because kRISC is higher than the rate constant of phosphores-
cence (kT

r ) and non-radiative decay in the triplet state (kT
nr), FRISC

was assumed to be 1.28 In the case of Cl-MR, the probabilities of
all the processes occurring from the singlet excited state
repopulated from T1 were as follows: radiative decay was
20%, internal conversion (IC) was 3.6%, and return to T1 was
16%. In the case of Br-MR, the probabilities of the singlet
excited state behavior returning from T1 were as follows: the
radiative decay was 11%, IC was 3.4%, and return to T1 was
69%. That is, Fs

r�FISC, FIC�FISC, and FISC�FISC of Cl-MR
increased by 4, 2.1, and 29 times compared to MR, respectively.
In the case of Br-MR, Fs

r�FISC, FIC�FISC, and FISC�FISC increased
by 2.2, 2, and 125 times compared to MR, respectively. That is,
in the case of Br-MR, the excited states did not emit light
because of the excessively high ISC and RISC, but rather
remained in the excited state. However, in the case of Cl-MR,
the PLQY can be further improved by 10% compared to that of
MR, owing to the balanced increase in kinetic rates.

2.4 Thermal properties

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were used to evaluate the thermal stability
of the three emitters (Fig. S6, ESI†). The evaluation was
carried out using DSC Q10 and TGA Q50 at a heating rate of
10 1C min�1 in a nitrogen atmosphere. MR, Cl-MR, and Br-MR
did not exhibit glass transition temperatures (Tg) from 0 to
250 1C. Cl-MR and Br-MR exhibited higher thermal decomposi-
tion temperatures (Td) at 450 and 420 1C, respectively, com-
pared to MR (384 1C), which indicates that halogen-containing
MR exhibited excellent thermal stability.

2.5 Device properties

To confirm the OLED characteristics, the device was constructed
as follows: indium tin oxide (ITO) (70 nm)/N,N0-bis(naphthalen-1-
yl)-N,N0-bis(phenyl)benzidine (NPB, 80 nm)/tris(4-carbazoyl-9-
ylphenyl)amine (TCTA, 20 nm)/1,3-di(9H-carbazol-9-yl)benzene
(mCP, 30 nm)/DPEPO: emitter (10 wt%, 20 nm)/2,20,200-(1,3,5-
benzinetriyl)-tris(1-phenyl-1H-benzimidazole) (TPBi, 30 nm)/LiF
(1 nm)/Al (100 nm). The device data are presented in Fig. 4 and
summarized in Table 4. The Br-MR doping concentration was set
at 20% because of its extremely low luminance. MR exhibited an
EQE of 16% and Commission Internationale de l’Eclairage (CIE)

coordinates of (0.14, 0.08). Cl-MR exhibited an EQE of 17% and
CIE coordinates of (0.12, 0.19). In particular, the improved EQE of
the OLEDs based on Cl-MR was due to more efficient triplet
harvesting, as shown by the theoretical calculations and photo-
physical studies. However, OLEDs using Br-MR exhibited an
extremely low EQE, and the luminance gradually decreased over
time, making it difficult to measure. Because OLEDs based on MR,
Cl-MR, and Br-MR emitters were all manufactured with the same
device structure, the poor device performance can be inferred from
the Br-MR itself.

The BDEs of the carbon–halogen bond were employed to
understand the low EQE of Br-MR, as it was significantly
smaller than those of MR and Cl-MR (Fig. 4e). BDEs were
calculated by enthalpy changes using the optimized structures
which undergo homolytic bond cleavage of the carbon–halogen
bond (Fig. S7–S9 and Tables S1–S3, ESI†). The BDE of the C–H
bond in MR was approximately 4.8 eV at all three positions. The
BDE of the C–Cl bond in Cl-MR was approximately 3.9 eV, and
that of the C–Br bond in Br-MR was approximately 3.1 eV at all
three positions (Fig. 4e). The BDE of the C–Br bond in Br-MR
was not significantly different from that of S1 (Table 2) when
compared with MR and Cl-MR. Thus, when a voltage of 5 V or
more is applied, the accumulated high-energy excitons may
affect the bond dissociation of the C–Br bond. Therefore, the
OLED pixels would not be emissive as the voltage increased,
and it was difficult to measure the OLED performance of the Br-
MR-based devices.

In the case of Cl-MR, the BDE of the C–Cl bond is higher
than that of Br-MR, but lower than that of MR. The delayed
fluorescence lifetime of Cl-MR is shorter than that of MR, and
its PLQY is higher than that of MR, but the efficiency roll-off

Fig. 4 (a) Optimized device structure of MR series, (b) voltage–current
density (V–J) and voltage–luminance (V–L) graph, (c) external quantum
efficiency–current density (EQE–J) graph, (d) emission spectra at 10 V, and
(e) molecular structures and bond dissociation energies of MR series.
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was severe, and the maximum luminance was low. Because the
EQEmax of Cl-MR at low voltages is higher than that of MR, the
triplet must be effectively used compared to MR at low current
densities. However, as the voltage increased, the exciton ener-
gies increased and are thus close to the BDE, affecting the C–Cl
bond, which is more easily dissociated than the C–H bond. It is
known that the roll-off of TADF-based OLED devices can be
reduced by enhancing kRISC.30,31 However, although kRISC was
significantly increased by the introduction of halogen atoms,
the roll-off and device stability were poor. This suggests that to
improve the EQE and roll-off, along with enhancing kRISC, the
stability of the emitters should also be considered.

3. Conclusions

We introduced heavy Cl and Br atoms to enhance the kRISC of
MR-TADF emitters. The orbital and spin angular momentum
were mixed by the heavy atom so that both the solution and the
film utilized the triplet states more efficiently than the MR
without halogen atoms. Cl-MR exhibited a PLQY of 85% and an
EQE of 17%. However, Br-MR did not exhibit any significant
improvement in PLQY and EQE, despite the short lifetime of
the delayed fluorescence compared to MR. Analysis of the rate
constants confirmed the importance of balancing the kinetic
rate constants in the singlet and triplet states and shortening
the lifetime of the delayed component. In addition, BDE
analysis revealed that the weak carbon–halogen bond resulted
in the deterioration of the devices, leading to decreased EQEs.
Our study suggests that the introduction of a halogen atom
could reduce the lifetime of delayed components; however
other factors, such as the stability of emitters, must also be
considered in the development of MR-TADF emitters.
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