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We demonstrate an organic molecule with an energy gap between its singlet and triplet excited states of
almost zero (AEgr ~ 0 eV). Such separation was realized through proper combination of an electron-
donating indolocarbazole group and a diphenyltriazine electron-accepting moiety. Calculated and mea-
sured A Egp were 0.003 and 0.02 eV, respectively. A total photoluminescence efficiency of 59% * 2% with
45% £ 2% from a delayed component and 14% = 2% from a prompt component was obtained for a
doped film. Organic light emitting diodes containing this molecule as an emitting dopant exhibited an
unexpectedly high external electroluminescence efficiency of ngqr = 14% = 1%.
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Organic luminescent materials are widely used in various
consumer products such as highlighters, anticounterfeit
banknotes, and detergents, as well as in biological and
medical applications helping to make our daily life colorful,
enjoyable, and safe [1]. In addition to their use as chemical
products, recent development of organic materials from a
new perspective has opened up a novel possibility for their
use in optoelectronic devices [2,3]. In particular, the
luminescence and unique semiconducting characteristics
of organic materials can be combined, leading to the rapid
development of organic semiconductor devices such as
organic light emitting diodes (OLEDs) [3-5]. After exten-
sive study of OLEDs for the past 20 years, electrolumines-
cent (EL) materials have usually been classified by one of
two mechanisms, fluorescence or phosphorescence, where
radiative decay occurs from singlet or triplet excited states,
respectively. OLEDs significantly accelerated the develop-
ment of organic luminescence materials through attempts
to maximize EL efficiency.

OLEDs possess attractive features such as high EL
efficiency, high contrast, and low weight, so they are
used in sophisticated flat panel displays and a wide variety
of information terminals such as mobile phones and
tablets. Recently, OLED applications have expanded to
large TVs [6,7] and general lighting [8,9], demonstrating
that they have become an essential technology for light-
emitting electronics. One of the fascinating characteristics
of OLEDs originates from the organic semiconducting
materials within them that allow unlimited molecular de-
sign. We expect that improved understanding of molecular
structures will reveal undeveloped functions that will fur-
ther enhance OLED performance. Development of organic
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light-emitting semiconductor materials is important to max-
imize light emitting efficiency. The use of phosphorescent
iridium (Ir) complexes overcame the limitation of exciton
production efficiency through spin-orbit coupling, resulting
in devices with very high external EL efficiency (ngqg) of
over 20% [10-12]. In fact, the high ngqg of such phosphor-
escent complexes prompted commercialization of OLEDs.

Unfortunately, rare metals such as Ir and Pt are not the
ideal choice for OLED emitters. They are unevenly distrib-
uted resources, expensive, and produce toxic waste [13]. In
addition, the rather low solubility of these metal complexes
in organic solvents and their long-term instability can be a
problem for solution processing [14]. To produce OLED
emitters without these drawbacks, we recently prepared
novel light-emitting materials that realize high efficiency
without using rare metal complexes by taking advantage of
very efficient thermally activated delayed fluorescence
(TADF) [15-22]. We designed emitters that promote triplet
excitons into a singlet (S;) excited state because they pos-
sess a very small energy gap (A Egy) between S| and triplet
(T,) excited states, as shown in Fig. 1.

Although some molecules are already known to exhibit
TADF, their efficiencies are generally quite low, so TADF
has been assumed useless for practical applications. In
the last few years, we have surveyed various candidates
as TADF emitters and found the molecules that exhibit
significant TADF, tin(IV) octaethylporphine difluoride
(SnF,OEP) [15], 2-biphenyl-4,6-bis(12-phenylindolo[2,3-
aJcarbazole-11-yl)-1,3,5-triazine (PIC-TRZ) [16], 2.4-
bis{3-(9H-carbazol-9-yl)-9 H-carbazol-9-yl}-6-phenyl-1,3,5-
triazine (CC2TA) [17], spiro derivatives [19,20], phenox-
azine derivatives [21], diphenylsulfone derivatives [22],
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FIG. 1 (color online). Conceptual energy diagram of an
organic luminescent molecule with a zero gap between the
singlet (S;) and triplet (7;) excited states under (a) optical and
(b) electrical excitations, including intersystem crossing forward
and backward between the S; and 7, excited states. In the
photoluminescence process, singlet exciton formation occurs
after photoexcitation. Some of the excitons decay radiatively
and some convert to the 7' state through intersystem crossing.
Some of the triplet excitons then decay radiatively or nonradia-
tively to the ground state (S;) and some upconvert to the S, state
again through thermal upconversion. This process continues
back and forth until the excitons reach a final thermal equilib-
rium. The upconverted singlet excitons decay through TADF.
Under electrical excitation, excitons are directly formed as 75%
triplet and 25% singlet, and the same exciton decay processes
are followed. Thus, the large branching ratio of triplet excitons
under electrical excitation is well harvested as light emission
through TADF. (k, is the fluorescence decay rate, k. the non-
radiative decay rate from the §; excited state, k,, the phosphor-
escence decay rate, k,, the nonradiative decay rate from the T
excited state, kigc the intersystem crossing rate, kgjsc the reverse
intersystem crossing rate, M the singlet exciton, M5 the triplet
exciton).

and dicyanobenzene derivatives [23]. While the first
demonstration of TADF from SnF,OEP with AEg =
0.24 eV resulted in devices with a very low EL efficiency
of 0.1%, it did show clear delayed EL resulting from
the electrically generated TADF component. The second
molecule, PIC-TRZ, possessed a rather small AEgy of
0.1 eV and high ngqg of 5.3%, which is significantly higher
than the expected ngqp of 2% considering only the photo-
luminescence (PL) efficiency of ®p; = 39% related to
conventional fluorescence [16]. Further, the improvement
of AEgr and ngqp has been progressed, resulted in A Egp =
0.06eV and pgop=11% in CC2TA [17], AEgy = 0.10 eV
and 7mpog = 10% in ACRFLCN [19], and AEgr =
0.32 eV and nggg = 10% in the diphenylsulfone deriva-
tive I [22]. In particular, the dicyanobenzene derivatives
showed AEgr = 0.083 eV with a very high ngqg of nearly

20%, indicating that the TADF concept is a promising
technology in future OLEDs [23]. In this study, we further
tried to expand TADF molecular structures focusing on the
PIC-TRZ backbone that allows various modifications by
designing the bonding manner of triazine and indrocarba-
zole units. During the survey of new molecular structures,
we found an advanced molecule with an ultimately small
AEgr of ~0 eV, i.e., virtually zero gap. We believe that
this is the first report on the molecules having zero-gap
between the singlet and triplet excited states.
An OLED containing this molecule exhibited a high
Nege of 14% * 1%.

In our successive design of TADF molecules, taking
advantage of the backbone of PIC-TRZ, we systematically
changed the number and position of an indolocarbazole
unit while fixing the central triazine backbone and esti-
mated AEgp through density functional theory calcula-
tions. This allowed identification of the promising
candidate 5,12-dihydro-12-(4,6-diphenyl-1,3,5-triazin-2-
yl)-5-phenylindolo[3,2-aJcarbazole  (PIC-TRZ2) with
AEg¢p = 0.003 eV, which is 1 order of magnitude smaller
than that of PIC-TRZ (AEgt = 0.080 eV). Figure 2 shows
the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) of PIC-TRZ
and PIC-TRZ2. In the case of PIC-TRZ, the HOMO is
localized over an indolocarbazole unit while the LUMO is
located around a biphenyltriazine unit, indicating they are
well separated. PIC-TRZ2 clearly showed better HOMO-
LUMO separation than that of PIC-TRZ, so it is probable
that the linear combination of one donor and one acceptor
system in PIC-TRZ2 resulted in its small predicted AEgr.
It is the almost ideal separation of the HOMO and LUMO
in PIC-TRZ2 that enables an AEgr with almost zero gap.
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AE,,.=0.080 eV
/ HOMO LUMO \

HOMO and LUMO are completely separated
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FIG. 2 (color online). Molecular structures of PIC-TRZ and
PIC-TRZ2 with their HOMOs and LUMOSs calculated at the
PBEO0/6-31G(d) level of theory. The calculated energy difference
between the S; and T, excited states is AE . = 0.080 eV for
PIC-TRZ and 0.003 eV for PIC-TRZ2.
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These promising characteristics calculated for PIC-TRZ2
prompted us to synthesize it, which we did following the
procedure used to prepare PIC-TRZ.

Our goal is to achieve high TADF performance in a solid
film, aimed for application in OLEDs, so we focused on
host-guest systems containing a low concentration of guest
to prevent concentration quenching. Figures 3(a) and 3(b)
show transient PL. decay and fluorescence [prompt compo-
nent (black line)] and delayed fluorescence (red line) spec-
tra of 6 wt %-PIC-TRZ2 doped into a 1,3-bis(carbazol-9-
yl)benzene (mCP) host layer at T = 5 K. These spectra
exhibit emission maxima at around 475 nm ($; =
2.61 eV), and overlap well with each other. Almost iden-
tical spectral behavior was observed at temperatures
between 5 and 300 K. While the delayed component
showed a nonexponential decay with a transient lifetime
of a few ms at T = 5 K, as shown in Fig. 3(a), a single
exponential decay gradually emerged as the temperature
was increased. In the case of PIC-TRZ, although we clearly
observed the appearance of phosphorescence at low tem-
perature (below T = 100 K), demonstrating a character-
istic emission spectrum with clear vibrational peaks [16],
no such emission spectrum was observed for PIC-TRZ2.
Thus, we conclude that the delayed component is related
to TADF, and up-conversion occurs in PIC-TRZ2 even at
T = 5 K, indicating it possesses virtually zero gap. The
transient PL. decay characteristics of PIC-TRZ2 at room
temperature (7 = 300 K) are presented in Fig. 3(c). We
clearly observed two exponential decays, with fast PL
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FIG. 3 (color online). (a) Photoluminescence decay character-
istics of 6 wt% PIC-TRZ2: mCP, and (b) emission spectra
of prompt (black line) and delayed (red line) components
at T =5 K. Spectra corresponded well with each other, indicat-
ing that the delayed component is caused by TADF
(c) Photoluminescence decay characteristics of 6 wt% PIC-
TRZ2: mCP at room temperature (7' = 300 K), indicating the
presence of clear two exponential decays with transient lifetimes
of 83 nsand 2.7 us. (d) Temperature dependence of the radiative
decay rate of the TADF component, indicating AEgr = 0.02 eV.

decay (transient lifetime 7, = 83 ns) and slow decay
(r4 = 2.7 us) components. We note that the latter 7, is
comparable to that of conventional Ir complexes such
as iridium 2-phenylpyridine [Ir(ppy);] derivatives with
7= 1-5 us [12], indicating that PIC-TRZ2 has compa-
rable transient performance of delayed fluorescence to
those of Ir complexes. In a separate experiment, to confirm
the nearly zero gap formation, we measured the tempera-
ture dependence of the radiative decay rate of the delayed
fluorescence (k,(rapr)) [see Fig. 4(d)], determining an
activation energy of AEgp = 0.02 eV.

To maximize the TADF efficiency of films doped with
PIC-TRZ2, we optimized the host materials. Figure 4 and
Table I summarize the PL quantum efficiencies of the total
(black), prompt (red), and delayed (green) components of
6 wt %-PIC-TRZ2 doped into host materials with different
triplet energies ranging from 2.33 to 3.50 eV. In the case of
an N, N'-bis[4’-(diphenylamino)[1,1’-biphenyl]-4-yl]-N, N'-
diphenyl-[1,1’-biphenyl]-4,4'-diamine (TPT1) host layer
with T, = 2.33 eV, which is lower than that of PIC-
TRZ2, we obtained a low ®pp, of 21 * 3% with virtually
no appearance of the delayed component. Using 1,1-bis
[4-[N, N'-di( p-tolyl)amino]phenyl]cyclohexane ~ (TAPC)
(T, = 2.87 eV), 9,9-(2,6-pyridinediyl)bis-9H-Carbazole
(PYD2) T, = 2.90 eV) and mCP (T = 2.91 eV) as host
layers, we obtained significantly higher values of np;, =
60 = 2%, 45*2% and 41=*=2%, respectively. Bis(2-
[(oxo)diphenylphosphino]phenyl)ether (DPEPO) and 1,4-
bis(triphenylsilyl)benzene (UGH2) host layers with higher
T, of >3.0 eV clearly showed the appearance of the
delayed components with rather high ®p =51 £2%
and 59 * 2%, respectively. Transient PL. measurements
revealed that the use of a host with higher triplet energy
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FIG. 4 (color online). (a) Photoluminescence quantum effi-
ciency (PLQE) of PIC-TRZ2 at T = 300 K in various host layers
with different triplet energies. Total PLQE (black) is the sum of
QE based on prompt fluorescence efficiency (red) and QE based
on TADF (green). (b) Corresponding transient decay curves in
mCP (red), TPT1 (green), and TAPC (blue) host layers and a
neat film (black).
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than that of the dopant allowed the delayed components to
be observed, indicating improved confinement of the triplet
excitons of PIC-TRZ2 leads to intense delayed fluores-
cence. Conversely, hosts with a triplet energy lower than
that of PIC-TRZ2 allow partial triplet energy transfer from
the guest to the host molecules, which is lost as nonradia-
tive decay. In the case of PIC-TRZ2:UGH?2, a total PL
efficiency of 59% * 2% with 45% * 2% from the delayed
component and 14% = 2% from the prompt component
was obtained. Because the PL efficiency of the prompt
component exhibited almost no temperature dependence,
it is possible that nonradiative decay from the S; excited
state is negligible and ca. 40% is nonradiatively deacti-
vated from the T excited state. We noted that exceptional
behavior was observed using TAPC as a host. Despite the
low triplet energy of TAPC, the doped film exhibited rather
high PL efficiency. We suppose that the rather long lifetime
of triplet excitons in TAPC would promote back energy
transfer from host to guest molecules after energy transfer
from guest to host molecules and successive energy migra-
tion between TAPC molecules [24]. This unanticipated
behavior will be clarified in a separate experiment.

Next, we fabricated OLEDs containing PIC-TRZ2 and
improved their EL characteristics by optimizing carrier
transport and host layers. (See the Supplemental Material
[25] for detailed device structures and additional informa-
tion on OLED performance of current-density (J)—voltage
and EL spectra). As the first trial, we deposited a-NPD
(40 nm) as a hole transport layer, mCP (10 nm) as an
exciton blocking layer, 6 wt % PIC-TRZ2: mCP or PIC-
TRZ2:DPEPO (20 nm) as an emitter layer, 4,7-diphenyl-
1,10-phenanthroline (Bphen) or DPEPO (40 nm) as an
electron transport layer and finally LiF (1 nm) and Al
(80 nm) layers as a cathode on an indium tin oxide (ITO,
100 nm) substrate layer (devices I-IV). The devices exhib-
ited blue-green emission with a maximum at around
505 nm and the maximum EL efficiency of mgqp =
8.0% = 1% was obtained in device II [Fig. 5(a)]. This
value clearly exceeds the theoretical limitation of ngop =
2.0% assuming only conventional fluorescence with a PL
quantum efficiency of ®p =40% from PIC-TRZ2.
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FIG. 5 (color online). OLED characteristics of five devices
using PIC-TRZ2 as an emitter under steady-state conditions.
Nexi-J characteristics for devices (a) -1V, and (b) V-VII. The
highest external EL efficiency of 14.0% = 1% was achieved for
device V.

However, if energy transfer occurs readily, we can expect
a further enhancement of 7ngqg, suggesting a theoretical
maximum of 11.8%. We attributed the obtained lower
value to unbalanced carrier injection and transport in addi-
tion to exciton migration into adjacent carrier transport
layers, i.e., imperfect triplet exciton confinement. Thus,
we tried to optimize the device parameters to maximize
TIEQE-

Further, we also examined TAPC as a host layer because
the doped film exhibited a rather high ®p; of 60% * 3%,
but it did not enhance ngqg, probably because of undesir-
able electroplex formation [26]. While TAPC is unsuitable
as a host in the emitter layer in this case, we found
that it caused a pronounced decrease of driving voltage.
Thus, we used TAPC as a hole transport layer instead of a
host layer.

Next, we prepared devices V, VI, and VII by incorporat-
ing DPEPO as an electron transport layer and TAPC as a
hole transport layer. We used PYD2 as a host layer to
enhance electron transport ability of the emitter layer. We
further optimized the electron transport layer by using
2,2',2"-(1,3,5-phenylene)tris(1-phenyl-1 H-benzimidazole)
and 1,3,5-tris(3-pyridyl-3-phenyl)benzene, so the structures
of the devices were as follows: device V: ITO/TAPC
(40 nm)/PYD2 : 6 wt% PIC-TRZ2 (20 nm)/DPEPO
(5 nm)/DPEPO (45 nm)/LiF/Al, Device VI: ITO/TAPC
(40 nm)/PYD2 : 6 wt % PIC-TRZ2 (20 nm)/DPEPO (5 nm)/
TPBi (45 nm)/LiF/Al, and device VII: ITO/TAPC (40 nm)/
PYD2 : 6 wt% PIC-TRZ2 (20 nm)/DPEPO (5 nm)/
TmPyPBi (45 nm)/LiF/AlL

Figure 5(b) shows n.,-J characteristics for the devices.
Using TmPyPBi as an electron transport layer, we obtained
Next = 14.0% + 1% at J = 0.04 mA/cm? and 7., =
11% = 1% at J = 1 mA/cmz, which is the highest value
ever reported for PIC-TRZ based TADF devices. Because
the PL quantum efficiency of 6 wt % PIC-TRZ2: PYD?2 is

TABLE I. PL characteristics of PIC-TRZ2 in host layers with
different triplet energies.
Prompt  Delayed  Triplet Emission
PLQE (%) PLQE (%) PLQE (%) level (eV) peak (nm)
Neat 23 9.0 14 248 500
TPT1" 21 14 7.0 2.33 517
TAPC® 60 27 33 2.87 533
PYD2° 45 4.5 40 2.90 506
mCP? 41 4.1 37 291 504
DPEPO® 51 6.1 45 3.10 490
UGH2' 59 14 45 3.50 487

N, N'-bis[4’-(diphenylamino)[1,1’-biphenyl]-4-y1]-N, N’-diphenyl-
1-[1,1'biphenyl].

°1,1-bis(4-(N, N -di(p-tolyl)amino)phenyl)-cyclohexane.
€3,5-Di(9H-carbazol-9-yl)-pyridine.

4N, N'-4,4/-dicarbazole-3,5-benzene.
°Bis(2-(diphenylphosphino) phenyl)ether oxide.
f1,4-Bis(tri-phenylsilyl)benzene.
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45% = 3%, this result suggests that the exciton formation
efficiency reached its ultimate value of 100% based on the
exciton formation formula under electrical excitation [15],
even assuming a light out-coupling efficiency of 7., ~
30%, which is the upper limit [27] (See caption of Fig. 1).
We note that such high 7, would be ascribed to the
horizontal molecular orientation against a substrate [28].
Thus, we succeeded in harvesting all electrically generated
excitons as radiative decay.

Here we discuss the position of PIC-TRZ?2 as an organic
luminescent material. PIC-TRZ2 possesses AEgr of
almost zero. In fact, the formation of small energy gap is
widely known in phosphorescence materials such as
ketones, e.g., benzophenone and their derivatives [29]. A
general feature of the emission of ketones with n-7* states
is very small fluorescence efficiencies of ®; < 0.001.
Because the n-7r* transition means that the overlap integral
between the ground and excited states is small, the radia-
tive decay rate of singlet excitons is just k, ~ 10 s,
which is much smaller than those of competing deactiva-
tion processes such as the intersystem crossing rate of
kgr ~ 10" 7! resulting in almost no fluorescence.
Thus, it is generally accepted that both high ®; and small
AEgr is infeasible in organic molecules. However, while
PIC-TRZ2 has nearly zero-gap energy, a rather high ®; of
~60% was obtained. This is because PIC-TRZ2 has ap-
preciable oscillator strength (density functional theory cal-
culation estimated an oscillator strength of f = 0.0012)
and the apparent radiative decay rate of TADF in 6 wt %
PIC-TRZ: mCP is kpapr ~ 10% s™!, which is comparable
with those of Ir(ppy); derivatives showing room temp-
erature phosphorescence of nearly 100% [30]. While
krapr ~ 10° s~! is not high compared with ~108~° s™! of
conventional fluorescent molecules, once the emitters are
dispersed in a rigid solid-state matrix, we can obtain prag-
matic TADF efficiency. Thus, PIC-TRZ2 breaks the cur-
rent view of luminescent materials, suggesting that
appropriate arrangement of donor and acceptor moieties
in molecular structures can allow both zero gap and fea-
sible oscillator strength, leading to highly efficient TADF.
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Institute for Carbon Neutral Energy Research (WPI-
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