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Thermally activated delayed-fluorescence (TADF) is a promising approach for realizing highly efficient
organic light-emitting diodes (OLEDs). By controlling the spatial overlap between the frontier orbitals to
suppress nonradiative decay, we develop a highly efficient TADF emitter, N'-[4-(4,6-diphenyl-1,3,
5-triazin-2-yl)phenyl]-N'-[4-(diphenylamino)-phenyl]-N*, N*-diphenylbenzene-1,4-diamine (DPA-TRZ).
DPA-TRZ exhibits a photoluminescence quantum efficiency of 100% when doped into a host material,
suggesting that nonradiative decay from its excited states is completely suppressed. Transient photo-
luminescence measurements confirm that DPA-TRZ emits TADF in a doped film. An OLED containing
DPA-TRZ as a green emitter shows a maximum external quantum efficiency of 13.8%, which exceeds the
theoretical limit for conventional fluorescent OLEDs. This high efficiency results from the effective
generation of TADF and suppressed nonradiative decay in DPA-TRZ. Our molecular design strategy
based on quantum chemistry provides a rational approach to control radiative and nonradiative decays

for optimizing TADF materials.
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I. INTRODUCTION

Recently, it has been recognized that thermally activated
delayed-fluorescence (TADF) is a promising pathway for
converting triplet excitons into light, following our suc-
cessive reports on highly efficient TADF [1-4]. In fact, the
use of TADF compounds as emitters in organic light-
emitting diodes (OLEDs) has resulted in highly efficient
electroluminescence (EL). This marked improvement in
EL efficiency means TADF emitters compete with phos-
phorescent ones [1]. Advantages of TADF compounds
include not only high EL efficiency without rare metals,
but also diversity of suitable chemical structures and ease of
chemical modification [1-10].

Figure 1 shows an energy-level diagram for TADF,
which involves two processes: conversion of the lowest
triplet state (7;) to the lowest singlet excited state (S;)
via reverse intersystem crossing (RISC), and radiative
decay (fluorescence) from S; to the ground state (S).
Nonradiative deactivation processes compete with RISC
and fluorescence. Consequently, molecular design to
improve the luminescence efficiency of TADF emitters
requires: (1) a faster rate of S; <— T} RISC than that of
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competitive 7| — S, nonradiative decay (kgisc > kn');
(2) a faster rate of §; — S, radiative decay than that of
competitive S; — S, nonradiative decay (k. > k).
Therefore, suppressing nonradiative decay is crucial for
improving the internal quantum efficiency of TADF
compounds.
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FIG. 1. Energy-level diagram for thermally activated delayed-
fluorescence (TADF). S, denotes the ground state. S; and T
denote the lowest excited singlet and lowest triplet states,
respectively. kgisc is the rate of reverse intersystem crossing
from T to Sy; ky, is the rate of nonradiative decay from 7'; to Sy;
k; is the rate of radiative decay from S; to Sy; k,, is the rate of
nonradiative decay from S, to Sy. AEgy is the difference between
the S; and T energy levels.
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A large kpysc in @ TADF compound can be realized by
spatially separating its highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) [1-10]. Because kgrigc is expressed as kgrigc
exp(—AEgr) [11,12], where AEg; is the energy difference
between S| and T, kgisc can be increased by decreasing
AEgr. The spatial overlap between the HOMO and LUMO
predominantly affects AEq; when the HOMO-LUMO
transition makes a dominant contribution to S; and T.
In such cases, AE gy is approximately equal to 2K, where K
is the exchange integral between the HOMO and LUMO,
and decreases with decreasing spatial overlap [13]. A small
spatial overlap therefore results in a small AE;, leading to
a large kgisc-

In contrast, a large k, can be realized by increasing the
spatial overlap between the HOMO and LUMO. Because k&,
is expressed as k, o |pio|?, where o is the transition
dipole moment between S, and S; [14], k, increases with
increasing |po|. |10/ can be expressed in terms of a three-
dimensional function called transition dipole moment
density ;o [15-17],

1ol = / r10(x)dx, (1)

where x is a point in three-dimensional space. The origin of
the coordinates is at the center of nuclear charges. 7 is
related to the overlap density p;o between the electronic
wave functions of Sy and S; by the following equation [15]:

—ex) P 2)

71o(x) o)

= p1o(x)(

where e is the elementary charge. According to Egs. (1) and
(2), 710 can be viewed as a density form for |py| because
the spatial integral of 7,y gives |p;o|. This relation is
analogous to that holding for the electron density and
number of electrons: the spatial integral of the electron
density gives the number of electrons. The density map of
710 provides an interpretation of where an electronic
transition occurs in a molecule. The elements of x increase
with increasing distance from the origin. Therefore, when
1o is widely distributed, at least one of the elements of
P10 X (—ex) has a large value at points distant from the
origin, and the resultant 7;, is large. Such wide p
distributions can be realized by increasing spatial overlap
between the wave functions of S, and S;. When the
HOMO-LUMO transition dominates Sy-S; transition, py
is approximately equal to the spatial overlap between the
HOMO and LUMO. Hence, a large |p| can be realized by
increasing the HOMO-LUMO spatial overlap. However, as
mentioned above, a large overlap generally induces large
AEgr and reduces kgrisc, which inhibits the efficient
generation of TADF. As a result, it is necessary to modulate
the trade-off between AEg; and |po| by adjusting pyq to
enhance the luminescence efficiency of TADF compounds.

k,: also increases when the spatial overlap between the
HOMO and LUMO is increased. Because k, can be
approximately expressed in terms of the vibronic coupling
constant V7, and the S§,-S; excitation energy AE;, as
Zm( m)?/(AEy)* [18], ky, increases with increasing

T 1”0 measures the magnitude of the intramolecular
vibronic coupling caused by the mth intramolecular vibra-
tional mode. Intramolecular vibronic coupling is an origin
of S; — Sy nonradiative decay in an emitting molecule.
Io can be expressed in terms of pyy [15],

x—R A

Vip(x) = /Plo ( Z\/ATA & |X—RA|>dX’ (3)

where Z,, M 4, and R4 are the charge, mass, and position of
the Ath nucleus, respectively. e, ") is a three-dimensional
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FIG. 2. Chemical structures and isosurfaces for the HOMO,
LUMO, and electron-density difference Ap,, associated with the
S < 8 excitation of (a) DPA-TRZ and (b) PXZ-TRZ calculated
at the TD-M06-2X—cc-pVDZ level of theory. Donor and acceptor
moieties are shown in red and blue, respectively. Isosurface
values for the HOMO, LUMO, and Ap,y of DPA-TRZ and
PXZ-TRZ are 0.02, 0.02, and 0.001 a.u., respectively (yellow
regions, positive; blue regions, negative).
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vector and represents the relative displacement of the Ath
nucleus for the mth vibrational mode. Equation (3) shows
that V') increases with increasing py; in other words, with
increasing spatial overlap between the HOMO and LUMO.
Increasing this spatial overlap therefore generally increases
both k, and k.. Equation (3) shows that intramolecular
vibronic couplings can be suppressed by controlling pqq
distribution [16,17].

By controlling the HOMO and LUMO distributions and
the resultant spatial overlap between them, we can suppress
nonradiative decay in TADF compounds and improve their
photoluminescence quantum yields (PLQYs). Comparing
Egs. (1) and (2) shows that the dependence of |p;o| on pyq is
different from that of V'j. By utilizing the difference
between them, we can design a TADF compound with
large |p 0| and small V7, that exhibits high PLQY. This study
focuses on the molecular design of a TADF compound that
achieves high PLQY by controlling the spatial overlap
between HOMO and LUMO and suppressing nonradiative
decay. The TADF compound N'-[4-(4,6-diphenyl-1,3,
5-triazin-2-yl)phenyl]-N'-[4-(diphenylamino)-phenyl]-N*,
N*-diphenylbenzene-1,4-diamine  (denoted DPA-TRZ;
see Fig. 2) is designed to exhibit weaker nonradiative
decay and higher luminescence efficiency than previously
reported  10-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl]-
10H-phenoxazine (PXZ-TRZ) [7], by changing its
electron-donating moiety. When doped into a host material,
DPA-TRZ exhibits a PLQY of 100%, suggesting that
nonradiative decay is completely suppressed in this mol-
ecule. An OLED using DPA-TRZ as an emitter shows a
maximum external quantum efficiency (EQE) of 13.8%,
which is higher than that obtained using PXZ-TRZ.

II. EXPERIMENTAL METHODS

Synthesis and characterization data for DPA-TRZ are
shown in the Supplemental Material (SM) [19]. NMR
spectra used in the characterization of products were
recorded on a Bruker Biospin Avance-III 500 NMR
spectrometer at ambient temperature. All NMR spectra
were referenced to solvent. Matrix-assisted laser deposi-
tion ionization (MALDI) time-of-flight (TOF) mass spec-
trometries (MS) were recorded on a Bruker Daltonics
Autoflex III spectrometer using positive mode. UV-visible
and photoluminescence (PL) spectra were measured using
a UV-visible spectrophotometer (UV-2550, Shimadzu,
Japan) and spectrofluorometer (Fluoromax-4, Horiba
Jobin Yvon), respectively. PLQYs were measured using
an absolute PLQY spectrometer (C11347 Quantaurus-QY,
Hamamatsu Photonics, Japan). Time-resolved PL decays
were measured using a fluorescence lifetime spectrometer
(C11367 Quantaurus-tau, Hamamatsu Photonics, Japan).
A yttrium-aluminum-garnet laser with a wavelength of
355 nm (LS-2132, LOTIS TII, Belarus) was used as an
excitation source.

ITI. RESULTS AND DISCUSSION

Time-dependent density functional theory [20,21] (TD-
DFT) with the M06-2X functional [22] and correlation-
consistent polarized valence double-zeta (cc-pVDZ) basis
set [23] (denoted TD-M06-2X—cc-pVDZ) well describes S;
of DPA-TRZ. By taking into account the effect of solvent
with the polarizable continuum model [24-26], the
TD-M06-2X—cc-pVDZ method reasonably reproduces
the experimental absorption and emission wavelengths
of DPA-TRZ in toluene solution (see SM [19], Table S1).
To calculate excited states of TADF compounds in solution,
MO06-2X and range-corrected functionals such as Coulomb-
attenuated method based on the Becke three-parameter
Lee-Yang-Parr (CAM-B3LYP) functional and ®B97X-D
perform well. In contrast, standard functionals without range
correction, including B3LYP and PBEO (where PBE is
Perdew-Burke-Ernzerhof) tend to considerably under-
estimate emission wavelengths [1]. The electronic structures
are calculated using the GAUSSIANQ9 program package [27].

Detailed analysis based on quantum chemistry is made for
isolated DPA-TRZ and PXZ-TRZ molecules. The calcu-
lations of excited states at the TD-M06-2X-cc-pVDZ
level show that S; of DPA-TRZ and PXZ-TRZ have
charge-transfer (CT) character. S; of DPA-TRZ corresponds
to CT from the donor to the acceptor moieties: the electronic
transition between spatially separated HOMO and
LUMO is dominant [Fig. 2(a) and SM [19], Table S2).
The calculated electron-density difference Ap;, associated
with the §; < S, excitation shows that electron transfer
occurs from donor to acceptor moieties: Apq decreases in
the donor moiety (blue region), and increases in the acceptor
moiety (yellow region). Electronic configurations with
configuration interaction (CI) coefficients larger than
1.0 x 107 are included in the calculation of Ap,o. The
room-temperature absorption and emission spectra of DPA-
TRZ in toluene solution are reported in SM [19], Fig. S1.
The observation of broad absorption and emission bands
indicates that S; of DPA-TRZ is of CT character. The
calculations for PXZ-TRZ show that its S; also has CT
character. The calculated Ap;, shows that in §; < S,
excitation, electron transfer occurs from the donor to
acceptor moieties.

The nonradiative decay of DPA-TRZ in toluene solution
is suppressed more than that of PXZ-TRZ. The PLQY of
DPA-TRZ in toluene solution (107>M) measured in air is
35%. The excitation wavelength is 330 nm. After N,
bubbling for 5 min to exclude O, (a triplet quencher),
the PLQY increases to 45%, suggesting that O,-sensitive
triplet states are involved in the PL, and TADF via §| < T,
RISC is observed. These PLQY values are higher than
those of PXZ-TRZ (in air: 15%; after excluding O,: 29%)
[7]. Therefore, we conclude that nonradiative decay is
suppressed more in DPA-TRZ than in PXZ-TRZ.

Quantum-chemical calculations suggest that DPA-TRZ
shows a higher PLQY than PXZ-TRZ because DPA-TRZ
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has a larger |pjo|, so S; — Sy nonradiative decay is
better suppressed in DPA-TRZ than in PXZ-TRZ.
Inig] of DPA-TRZ and PXZ-TRZ calculated at the
TD-M06-2X—cc-pVDZ level are 3.38 and 2.26 x
10~* a.u., respectively, so |p;o| of DPA-TRZ is approx-
imately 10* times larger than that of PXZ-TRZ. Unlike
Iniol, Vi, calculated for DPA-TRZ and PXZ-TRZ are
comparable: the maximum V', of DPA-TRZ is less than 10
times that of PXZ-TRZ (Fig. 3). The calculations suggest
that the difference between k, and k,, is larger for DPA-
TRZ than for PXZ-TRZ. Consequently, nonradiative decay
is suppressed more effectively in DPA-TRZ than in PXZ-
TRZ, so DPA-TRZ has a higher PLQY than PXZ-TRZ.
The large |po| of DPA-TRZ originates from its large 7,
distribution caused by the large spatial overlap between
HOMO and LUMO. Figure 4 shows calculated p;, and 7
for DPA-TRZ and PXZ-TRZ. Electronic configurations
with CI coefficients larger than 1.0 x 10~* are included in
these calculations. For DPA-TRZ, p;, extends over the
entire molecule, and the resultant 7, is large, leading to a
large |po|. For PXZ-TRZ, p,o and 7, are predominantly
localized on the phenoxazine moiety. In addition, positive
and negative regions are almost symmetrically distributed.
|iio] (the spatial integral of () is therefore small compared
with that of DPA-TRZ. The distribution pattern of pjq
reflects the spatial overlap between HOMO and LUMO
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FIG. 3. Vibronic coupling constants V' (in atomic units) of
(a) DPA-TRZ and (b) PXZ-TRZ calculated at the
TD-M06-2X—cc-pVDZ level of theory.

P1o

T10

FIG. 4. Overlap densities p;, and transition dipole moment
densities 7;, of (a) DPA-TRZ and (b) PXZ-TRZ calculated at
the TD-M06-2X—cc-pVDZ level of theory. Isosurface values for
pro and 7,9 of DPA-TRZ and PXZ-TRZ are 0.0004 and
0.001 a.u., respectively (yellow regions, positive; blue regions,
negative).

because the HOMO-LUMO transition is dominant for §; of
these two molecules. The large pjp, 7i9, and |p;g| of
DPA-TRZ originate from the considerable spatial overlap
between its HOMO and LUMO. We can thus qualitatively
understand the origin of the relative magnitudes of ||
of DPA-TRZ and PXZ-TRZ by comparing p;, and 7
distributions.

When doped into a host material, nonradiative decay of
DPA-TRZ is completely suppressed. A 6 wt % DPA-TRZ-
doped 9,9-biphenyl-3,3'-diylbis-9H-carbazole (mCBP)
film was prepared by codeposition under vacuum. The
inset in Fig. 5 shows a PL spectrum of the doped film
measured at 300 K. The excitation wavelength is 325 nm.
The PL spectrum shows a single broad peak (540 nm)
corresponding to the S§j-S; transition in DPA-TRZ. The
PLQY reaches nearly 100%, suggesting that excitons
generated on the mCBP host are completely transferred

prompt delayed
10* . T T T
— 300K "g’ 10 540 nm
@ 10°k —— 250K £ 08 ”,/\\ F
5 —— 200K 308 [\
S —— 150K £ 04 / \
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0.0 0.2 0.4 0.6 0.8
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FIG. 5. Transient photoluminescence decays for a 6 wt%
DPA-TRZ:mCBP film measured at temperatures of 150 to
300 K. The inset is a photoluminescence spectrum of the doped
film measured at 300 K.
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to DPA-TRZ and converted into light. In other words,
nonradiative decay is completely suppressed. In contrast,
nonradiative decay is not sufficiently suppressed for PXZ-
TRZ. The PLQY of a 6 wt % PXZ-TRZ-doped CBP film is
65%; that is, 35% of excitons decays nonradiatively [7].
The PLQY of DPA-TRZ in the mCBP host is significantly
high compared with that in the toluene solution. This
is probably because structural deformation causing non-
radiative decays are more suppressed in the solid-state
mCBP host.

The transient PL characteristics of the doped film
confirm that DPA-TRZ emits TADF (Fig. 5). The intense
emission is assigned to prompt fluorescence because no
intensity changes are observed in the 150-300 K range.
The long tails are assigned to TADF (delayed component)
because their intensity increases with temperature. At
300 K, the lifetime of the delayed component is 160 us.
From the observed photon counts, we estimate the con-
tributions from prompt and delayed fluorescence to the
total PLQY of DPA-TRZ. At 300 K, the prompt component
accounts for 92.9% of the total PLQY, reflecting the fast
radiative decay (the large |p;o|) of DPA-TRZ. The remain-
ing 7.1% of excitons are converted into light via TADF.
From peak maxima of fluorescence and phosphorescence
spectra of the doped film measured at 10 K (see SM [19],
Fig. S2), the S| and T'| energies of DPA-TRZ are estimated
to be 2.30 eV (540 nm) and 2.19 eV (566 nm), respectively.
Therefore, AEgy is determined to be 0.11 eV, which
is sufficiently small to generate TADF. The S, and T,
energies of PXZ-TRZ-doped mCBP film are 2.30 eV
(540 nm) and 2.23 eV (556 nm), respectively, and the
resultant AEgr is 0.07 eV [27]. Although the S; energies
are equivalent, because the 71 energy of DPA-TRZ is lower
than that of PXZ-TRZ, the AEg is larger for DPA-TRZ
than for PXZ-TRZ.

Figure 6 shows proposed exciton generation and decay
processes in DPA-TRZ. For the PL process, (a) excitation

Photoluminescence

(@) (b) ()

100%
S1 — —
— T1 —— e -
7.1%
S0 Som 92.9% + 7.1%
Electroluminescence
(d) (e) ()
25%
—_ S — —_—
75%
— T —_—
! 76.8%

So

23.2% 23.2% + 76.8%

FIG. 6. Exciton generation and decay processes for (a)—(c) pho-
toluminescence and (d)—(f) electroluminescence.

of Sy results in the production of S; excitons. (b) Of these
S excitons, 92.9% decay radiatively (S; — Sp), and the
remaining 7.1% are converted into 7' excitons via inter-
system crossing (ISC) (S; — T;). (c) S, excitons are
formed from 7 excitons via RISC (S; <= T). Finally,
the S, excitons decay radiatively (S; — Sy). In these
processes, the competitive nonradiative decay pathways
are completely suppressed. For the EL process, (d) charge
recombination in the host material produces S; and T,
excitons with a 1:3 ratio; i.e., 25% S excitons and 75% T,
excitons. (e) Out of the 25% of S, excitons, 92.9% (23.2%
of the total excitons) decay radiatively (S; — Sy), and the
remaining 7.2% (1.8% of the total excitons) are converted
into 7'y excitons via ISC (S; — T). (f) Finally, the resultant
76.8% (75% + 1.8%) of T, excitons are converted into
light as TADF.

To evaluate the ability of DPA-TRZ as an emitter for
OLEDs, an OLED with a configuration of indium tin oxide
(ITO) (100 nm)-N, N’'-diphenyl-N, N’-bis(1-naphthyl)-1,
10-biphenyl-4-4’-diamine (a-NPD) (35 nm)-6 wt %-DPA-
TRZ:mCBP (15 nm)-TPBi (65 nm)-LiF (0.8 nm)-Al
(100 nm) was fabricated by vacuum deposition. In the
Supplemenal Material [19], Fig. S3 shows the EQE and
current density characteristics of this OLED, and its EL
spectrum at a current density of 100 mA cm~2. The EQEs at
low current densities surpass the theoretical maximum EQE
(5%) of conventional fluorescent OLEDs: EQEs are 13.8%,
11.2%, and 7.9% at current densities of 0.01, 0.1, and
1 mA cm™2, respectively. The maximum EQE of 13.8% is
higher than that obtained with PXZ-TRZ (12.5%). The
OLED exhibits green emission with a maximum at 548 nm
resulting from the S; — S, radiative decay of DPA-TRZ.
We have, therefore, successfully improved the efficiency
of a TADF-based OLED by changing the donor moiety of
PXZ-TRZ and suppressing nonradiative decay. We note
that comprehensive optimization of the OLED device
architecture will lead to 100% internal efficiency because
DPA-TRZ intrinsically has 100% fluorescence and RISC
efficiencies. The EL efficiency can be improved, for
example, by changing the host material. In fact, the EL
efficiency of OLEDs containing TADF emitter 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) has
been increased over 20% by using various host materials
and mixed host structures [28,29]. Further optimization
will be reported in a successive study. The contributions
from the prompt and delayed components of DPA-TRZ to
the maximum EQE are calculated to be 3.2% and 10.6%,
respectively (the calculation of the contributions are
reported elsewhere [9]). This suggests that if DPA-TRZ
is a conventional fluorescent emitter and does not emit
TADF, the maximum EQE of its OLEDs is only 3.2%.
TADF thus makes a marked contribution to the overall
EQE and is responsible for the high EL efficiency of the
OLED containing DPA-TRZ.
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IV. SUMMARY

By controlling radiative and nonradiative decay through
careful modulation of the overlap between HOMO and
LUMO, we successfully develop a highly efficient TADF
emitter, DPA-TRZ. Nonradiative decay of DPA-TRZ in an
mCBP host is completely suppressed. An OLED contain-
ing DPA-TRZ as a green emitter exhibits a maximum EQE
of 13.8%, which exceeds efficiencies obtained with con-
ventional fluorescent emitters. This high efficiency results
from generation of TADF and suppressed nonradiative
decay in DPA-TRZ. We theoretically justify our rational
approach to control radiative and nonradiative decays and
we use it to optimize TADF materials.
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