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Although typical organic molecules are simply composed of carbon (C),
hydrogen (H), nitrogen (N) and oxygen (O) atoms, carbon’s unique bonding
manners based on sp®, sp? and sp hybrid orbitals enable very complicated
molecular architectures, leading to amazing functions in a wide variety of
creatures and industrial products. In the last two decades, the allure of unlimited
freedom of design with organic molecules has shifted a significant part of the
research effort on electronics from inorganic into organic materials. In particular,
great progress has been achieved in the development of organic light-emitting
diodes (OLEDs). The successive progress of 1st generation OLEDs using
fluorescent molecules and 2nd generation OLEDs using phosphorescent molecules
solidified organic materials as a very attractive system for practical electronics. In
this study, we designed new advanced electroluminescent (EL) molecules composed
of only conventional CHN atoms without any precious metals. With proper
molecular design, the energy gap between the two excited states, i.e., singlet (S;)
and triplet (T;) excited states, are minimized, promoting very efficient spin
up-conversion from T; to S; states (reverse intersystem crossing (ISC)) while
maintaining a rather high radiative decay rate of >10%s, leading to a high

fluorescence efficiency of >90%. Using these unique molecules, we realized a very



high external EL efficiency of over 19% that is comparable with those of
high-efficiency phosphorescence-based OLEDs. Thus, these molecules harvest both
singlet and triplet excitons for light emission under electrical excitation through
fluorescence decay channels. We call this new luminescence concept
“Hyper-fluorescence”.

The recombination of holes and electrons can produce light that is referred as
electroluminescence (EL). EL in organic materials was first discovered by M. Pope et al.
in 1963 using an anthracene single crystal connected to high-field carrier injection
electrodes’. Carriers of both signs were injected into the organic layers, and the
subsequent carrier transport and recombination produced blue EL that originates from
singlet excitons, i.e., fluorescence. In principle, carrier recombination is expected,
according to spin statistics, to produce both singlet and triplet excitons in the ratio of
1:3%%, and this relationship has been well demonstrated for many cases*”. The produced
singlet excitons decay promptly, yielding prompt EL (fluorescence), while two triplet
excitons can fuse to form a singlet exciton through triplet-triplet annihilation, yielding
delayed EL (delayed fluorescence). On the other hand, while the direct radiative decay
of triplet excitons results in phosphorescence, it usually occurs only at very low

temperatures in conventional organic aromatic compounds. In fact, in 1990, one of



authors, C. A., reported the first demonstration of phosphorescent EL using
keto-coumarin derivatives®. However, the very faint EL was observed at 77 K with
difficulty and was assumed to be virtually useless in most cases, even if including rare
earth complexes’. In 1999, Forrest and Thompson’s group first demonstrated efficient
electrophosphorescence using iridium phenylpyridine complexes that promote an
efficient radiative decay rate of ~10°%s by taking advantage of a heavy metal effect,
strong spin-orbital coupling®. Nearly 100% internal EL efficiency was demonstrated®,
providing convincing evidence that OLED technology could be useful for display and
lighting applications.

In this report, we achieved a novel pathway to reach the ultimate EL efficiency by
inventing simple aromatic compounds displaying efficient thermally-activated delayed
fluorescence (TADF) with high photoluminescence (PL) efficiency. Figure 1 (a) shows
the energy diagram of a conventional organic molecule, depicting singlet (S;) and triplet
(T,) excited states with a ground state (Sp). While we had previously assumed that the
S: level should be significantly higher than the T level, i.e., 0.5~1.0 eV higher, due to
the presence of electron exchange energy, we found that the proper design of organic
molecules can lead to a small energy gap (AEst) between them'®!!. Relatedly, a

molecule displaying efficient TADF requires a very small AEst between its S; and T,



excited states, resulting in enhanced T; — S;reverse intersystem crossing (ISC). Such
excited states are attainable by the intramolecular charge transfer (CT) of a spatially
separated donor and acceptor system.'* The critical point of the molecular design is the
compatibility of a small AEst~ 0 eV and a reasonable radiative decay rate of over 10%s
that overcomes competitive non-radiative decay paths, leading to highly luminescent
TADF materials. Since the two properties conflict with each other, a delicate balance of
the overlap of the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) is required. Furthermore, to enhance the PL efficiency of a
TADF material, geometrical change between its Sp and S; states should be restrained to
suppress non-radiative decay processes. Since very small orbital overlapping generally
results in virtually no emission as is shown in benzophenone derivatives, one assumes
that high PL efficiency could never be obtained with molecules having small AEst;
however, we have overcome this issue.

In this work, we designed a novel series of highly efficient TADF emitters, which
are based on carbazolyl dicyanobenzene (CDCB) having carbazole as a donor and
dicyanobenzene as an electron acceptor as shown in Fig. 1 (b). Since the steric
carbazolyl unit is significantly distorted against the dicyanobenzene plane by their steric

hindrance to each other, the HOMO and LUMO can be localized around the donor and



the acceptor moieties, respectively, leading to a small AEsr. Moreover, the
dicyanobenzene and carbazolyl groups play important roles in obtaining high PL
efficiency and various emission colors, respectively. Dicyanobenzene derivatives are
known to alter their chemical bonds upon changing their electronic properties in excited
states'®. We expect the following advantages from CDCBs based on the density
functional theory (DFT) calculations as described below. The change in the geometry of
CDCBs between Spand S; states occurs not all over the molecule but only in the central
dicyanobenzene unit, and the inhibition of large geometry change leads to a high
quantum efficiency. On the other hand, the emission wavelength of CDCBs can be
readily tuned by changing the electron donating ability of the peripheral groups, which
can be altered by the number of carbazolyl groups or the introduced substituents. On the
basis of molecular design, CDCBs allow us to achieve not only highly efficient TADF
but also a wide palette of emission colors.

CDCBs were synthesized through a one-step-only reaction from commercially
available starting materials without the addition of palladium or other rare metal
catalysts, indicating that CDCBs also have cost advantages. The aromatic nucleophilic
substitution reaction (SyAr) of an anion of carbazole, generated by treatment with NaH

and dicyanobenzene at room temperature, yielded CDCBs. All CDCBs except 4CzPN



and 2CzPN were obtained with high yields over 79%, while 4CzPN and 2CzPN were
obtained with lower yields (38 and 9%, respectively) due to purification problems. Full
characterization of CDCBs was performed by NMR, IR, HR-MS and elemental analysis
(see Supplementary Information). CDCBs showed high thermal stability; for example,
the sublimation of 4CzIPN started around 450 °C before decomposition in
thermogravimetric analysis (TGA) under nitrogen-flow conditions.

Figure 2 (a) indicates UV-vis absorption and PL spectra of 4CzIPN in toluene
with a concentration of 10 mol/l. 4CzIPN shows an intense green-emission with a
maximum at a wavelength of 507 nm and high PL quantum yield (PLQY) (@ = 94+2%).
The Stokes shift is very small; generally, the emission produced by intramolecular
charge transfer between a donor and an accepter unit shows a large Stokes shift.** Under
a nitrogen-saturated condition, the delayed component of t© ~ 5.1£0.5 ps is more than
two orders longer than the prompt component of t ~ 17.8+1 ns (see Supplementary
Information). To investigate whether the triplet state is involved in luminescence, the
transient PL and the PLQY of 4CzIPN were measured in toluene under oxygen
atmosphere. When the solution of 4CzIPN in toluene was bubbled with oxygen for 10
min, the lifetime of the delayed component became very short at T ~ 91£3 ns with a

prompt component of T ~ 6.9£0.5 ns, and the PLQY decreased to 10%. These results



apparently suggest that 4CzIPN is a TADF material, since the delayed fluorescence was
significantly quenched by oxygen™.

We optimized the geometry of the Sy state of 4CzIPN with the PBEO functional™
and the 6-31G(d) basis set™ employing density-function-theory (DFT). Geometry
optimizations of the S; and T; states were carried out at the same level with the
time-dependent DFT (TD-DFT) procedure. All of the ab initio calculations were done
assuming C, symmetry using the Gaussian 09 software.'® Figures 2 (b) and (c) show
the HOMO and LUMO distributions of 4CzIPN, respectively, for the optimized
structure of the Sy state. The S; and T; states correspond to a HOMO-LUMO transition
and display a CT character. The HOMO is delocalized over the four carbazolyl moieties,
while the LUMO is distributed on the dicyanobenzene moiety; the carbazolyl groups act
as electron donors, while the dicyanobenzene acts as an electron acceptor. Steric
hindrance between the carbazole and dicyanobenzene moieties causes large dihedral
angles of about 60° between the carbazole and dicyanobenzene planes. Consequently,
the HOMO and LUMO are spatially well-separated, and the exchange interaction
between the electrons in the HOMO and LUMO is weak, leading to a small S;-T;
energy splitting and enhancement of T;—S; reverse I1SC.

As stated above, the Stokes shift of the S; state of 4CzIPN is rather small



compared with those from typical charge transfer states, suggesting small geometry

relaxation due to S;<—S, excitation. In general, bond-length change originating from an

electronic excitation is large where the electron-density difference Ap due to the

excitation is largely distributed. Figure 2 (d) shows Ap resulting from the S;<—Sp

excitation of 4CzIPN. Ap is largely distributed on the dicyanobenzene moiety (electron

acceptor), especially on the C3-C4 and Cs-C; bonds. The remaining Ap spreads over the

carbazolyl moieties (electron donors). In order to investigate the geometry change

quantitatively, we calculated the differences between the S; and Sy state bond lengths of

4CzIPN. The geometry change was found to occur mainly in the dicyanobenzene

moiety, reflecting the large Ap distribution on it. Thus, the strong electron-accepting

ability of dicyanobenzene is responsible for the small geometry relaxation.

Figure 2 (e) shows the differences between the S; and Sy state bond lengths in the

dicyanobenzene moiety of 4CzIPN. The bond-length changes are large in the C3-C4 and

Cs-C1 bonds, while they are small in the C,-N; and Cg-N; triple bonds, suggesting that a

quinoid-type geometry relaxation does not occur in the S; state of 4CzIPN. The lack of

the quinoid-type deformation accounts for the small geometry relaxation of 4CzIPN

compared with those of 4CzTPN and 4CzPN. Consequently, 4CzIPN exhibits a smaller

Stokes shift and higher PLQY than those of 4CzTPN and 4CzPN. On the carbazolyl



moieties, since Ap is quite small, the geometry change is also small. In fact, the
calculated bond-length changes in the C-C and C-N bonds on the carbazolyl moieties
are at most 0.0015 A. In addition, we note that while the oscillator strength for the
ground states of CDCBs estimated by TD-DFT is a rather small value of less than 0.1,
the peculiar geometric characteristics discussed in this paragraph are consistent with the
suppression of the non-radiative decay, leading to the high PLQY.

Figure 3 shows the PL spectra of CDCBs in toluene. The series of CDCBs
achieved a wide palette of emission colors ranging from sky-blue (473 nm) to orange
(577 nm). The emission wavelength is dependent on the electron-donating and the
electron-accepting ability of the peripheral carbazolyl groups and the central
dicyanobenzene unit, respectively. Introduction of methyl or phenyl to the 3- and 6-
positions of the carbazolyl groups of 4CzTPN provides a red shift of the emission
maximum from 535 to 561, 553, and 577 nm, respectively. On the other hand, in the
case of 2CzPN, the presence of less carbazolyl groups damps the electron-donating
ability and produces a blue shift of the emission maximum. PLQY and transient PL of
CDCBs were measured in toluene under a nitrogen atmosphere, as summarized in
Supplementary Information. 4CzPN and 4CzTPN show high PLQY (& = 7443 and

72+3%, respectively), while 4CzTPN-Me, 4CzTPN-Ph and 2CzPN provide lower
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PLQYSs (@ = 47%2, 26x1 and 47+£2%, respectively) due to the presence of substituents

or less carbazolyl groups. Since the transient PL of all CDCBs showed both a

nanosecond-scale prompt component and a microsecond-scale delayed component, the

series of CDCBs were confirmed to be TADF materials.

Figure 4 (a) shows the PL decay curves for 4CzIPN emission at 100, 200, and 300

K in a 6wt%-4CzIPN: 4,4’-bis(carbazol-9-yl)biphenyl (CBP) film. The triplet excitons

of 4CzIPN are well confined using a CBP host since the triplet excited state of CBP is

higher than the singlet excited state of 4CzIPN. In addition, CBP fluorescence is

completely quenched due to the efficient energy transfer between the guest and host

molecules. The intense emissions around t=0 s correspond to the prompt component,

and the long tail emissions correspond to the delayed fluorescence component. The

prompt component is assigned to the fluorescence, while the delayed component can be

assigned to the delayed fluorescence via the reverse ISC process, i.e., TADF, since the

PL spectrum of the delayed fluorescence is identical to that of the prompt fluorescence,

as shown in Fig. 4 (b). Figure 4 (c) shows the temperature-dependent PLQY's for the

prompt and delayed components of the film. The two components are resolved by

combining the absolute PLQY estimated by an integrated sphere photoluminescence

measurement system and the temperature dependence of the PL decay curves
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(Supplementary Information). The prompt component very slightly increases with a
decrease in temperature, indicating the suppression of non-radiative decay from the
singlet state. On the other hand, the delayed component monotonically decreases with a
decrease in temperature, since the reverse 1SC process becomes the rate-determining
step, similar to the temperature dependence of tin(1\V) fluoride-porphyrin complexes,
which are typical TADF emitters'®. At room temperature of 300 K, a high PLQY of
83+2% was observed. To quantitatively evaluate AEsr, the activation energy of the
reverse ISC rate constant (krisc) was estimated based on exp(—AEst/ksT), where kg is
Boltzmann’s constant and T is the temperature. krisc can be estimated from the
experimentally observable rate constants and the PLQYs of the prompt and delayed

components using the following equation’

ks @, "
| ®p

SC

kRISC

where k, and kq are the rate constants of the prompt and delayed fluorescence
components, respectively, kisc is the ISC rate constant from singlet to triplet states, and
@, and @q are the PLQYSs of the prompt and delayed components, respectively. krisc is
estimated using Eq. 1, and is shown in Fig. 4 (d) as a function of 1/T (Arrhenius plot)
between 200 and 300 K, assuming that kisc is independent of temperature. An activation

energy of 83 meV was estimated. Therefore, the krisc would be significantly suppressed
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at low temperature. However, even at low temperature, the PLQY of the delayed

component is still high at over 40%, implying that the reverse ISC rate constant is

relatively higher than the non-radiative rate constant of the triplet state. It should be

noted that below 200 K, the decay curves do not agree with the double exponential

decay model, but well correspond to a multi-exponential decay model. This can be

explained by the widened AEsy distribution caused by inhomogeneous molecular

environments.

We evaluated OLED performance using CDCB as an emitter. To demonstrate the

OLED characteristics and the color variation of CDCB derivatives, we selected 4CzIPN

(green emission), 4CzTPN-Ph (orange emission), and 2CzPN (sky-blue emission).

Figure 5 shows the external EL quantum efficiency of OLEDs based on CDCB

derivatives showing from sky-blue to orange emission. To achieve high EL efficiency in

OLEDs using CDCB derivatives, the triplet excited state of the CDCB derivatives must

be confined using host materials with higher triplet energy levels. Therefore, we used

CBP as a host material in the green and orange OLEDs and

2,8-bis(diphenylphosphoryl)dibenzo[b,d]thiophene (PPT) as a host material in the

sky-blue OLED. The device structures consist of ITO / a-NPD (35nm) / 2wt% 4CzIPN

or 6wt% 4CzTPN-Ph:CBP (15nm) / TPBi (65nm) / LiF / Al and ITO / a-NPD (40nm) /

13



mCP (10nm) / 6wt% 2CzPN:PPT (20nm) / PPT (40nm) / LiF / Al. In the green OLED,
we achieved the very high external EL quantum efficiency of 19.3+1.5% which would
be equivalent to an internal EL quantum efficiency of ~100%, assuming a light
out-coupling efficiency of 20%. In addition, the orange and sky-blue OLEDs show
higher external EL quantum efficiency of 11.2+1% and 8.0+1%, respectively, compared
to those of conventional fluorescence-based OLED:s.

Finally, we discuss the driving force for the efficient reverse ISC without heavy
metals. It is generally accepted that the introduction of the spin-orbit coupling that is
provided by heavy atoms is indispensable for both efficient ISC and reverse ISC. Thus,
metal complexes having heavy metals and aromatic compounds having halogens and
carbonyls can promote efficient spin conversion. On the other hand, our molecular
design contains no such kind of atoms, while very efficient spin conversion was realized.
This is because the first-order mixing coefficient between singlet and triplet states (1) is
inversely proportional to the AEst as described by*®:

A= ;E—j @
where Hsgo is the spin-orbital interaction. Thus, we do not necessarily have to include

heavy atoms for efficient spin conversion once we realize small AEst, which opens

more freedom for the molecular design of TADF materials.
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In summary, it was believed that high PLQY was incompatible with small AEsrt

due to the separation of HOMO from LUMO, since the separation usually leads to small

radiative decay rates. However, CDCBs realized a breakthrough on this front. Therefore,

the synthesized materials are classified as unprecedented novel EL materials that realize

ultimate EL efficiency, which we name “Extreme-fluorescence”. Although the use of

phosphorescence such as iridium phenylpyridine derivatives has been assumed to be a

sole solution to obtain ultimate EL efficiency, our results clearly open a novel way for

high efficiency just by combining very common aromatic parts. Our demonstration

convincingly shows that finely tuned molecular design can provide unexpected

functions and reminds us of the great flexibility of organic molecules. We hope that our

novel molecules will contribute to upcoming solid-state lighting and display

applications.

15



Methods
Synthesis of carbazolyl dicyanobenzene
General experimental details, synthesis and characterization for all compounds can
be found in the Supplementary Information. CDCBs were synthesized by reaction of a
carbazolyl anion and a fluorinated dicyanobenzene at room temperature for 10 h under a
nitrogen atmosphere. Purification of CDCBs was performed by silica-gel
chromatography and/or reprecipitation. Moreover, CDCBs for PL and EL measurements

were purified by sublimation.

PL measurements

Organic films for optical measurements were fabricated by thermal evaporation
under a high vacuum (ca. 7x10™ Pa) onto clean quartz and silicon substrates. The PL
spectra of these films were recorded with a spectrofluorometer (Horiba Jobin Yvon,
FluoroMax-4), and the PL quantum efficiencies were measured using an absolute PL
quantum yield measurement system (Hamamatsu, C9920-02). The transient PL
characteristics were measured under vacuum using a streak camera (Hamamatsu,
C4334). A nitrogen-gas laser with a wavelength of 337 nm and a pulse width of

approximately 500 ps (Lasertechnik Berlin, MNL200) was used as an excitation source.

16



Low temperature measurements were conducted using a cryostat (Iwatani Industrial
Gases, CRT-006-2000) with application of an InGa alloy as an adhesive to ensure good

thermal conductivity between the silicon substrate and the sample holder.

OLED fabrication and EL measurements

The OLED devices were fabricated by thermal evaporation under a high vacuum
(ca. 7x10* Pa) onto clean 1TO-coated glass substrates.  Current
density—voltage—luminance (J-V-L) characteristics were obtained using a semiconductor
parameter analyzer (Agilent, E5273A) with an optical power meter (Newport, 1930C).
The EL spectra of the OLEDs were obtained using a multichannel spectrometer (Ocean

Optics, SD2000).
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Figure captions
Figure 1: Energy diagram of conventional organic molecule and molecular

structures of CDCBs.

Figure 2: Photoluminescence characteristics of 4CzIPN. (a) UV-vis absorption and
photoluminescence spectra of 4CzIPN in toluene. (b) HOMO and (c) LUMO of the
ground state (Sp) of 4CzIPN. (d) Electron-density difference Ap between the lowest
singlet excited state (S;) and Sy states of 4CzIPN. Blue shows where values are
negative; yellow shows where values are positive. (e) Calculated differences between S;
and Sy state bond lengths (A) in dicyanobenzene moiety of 4CzIPN. N3, N4 Ns and Ng
atoms belong to carbazolyl groups. Atoms of the carbazolyl groups other than N3, Ny,

Ns and Ng atoms are not shown in Fig. 1 (e).

Figure 3: Photoluminescence (PL) of the series of CDCBs. (a) PL spectra of

measured in toluene. (b) Photographs under irradiation at 365 nm.

Figure 4: Temperature dependence of photoluminescence characteristics in 6 wt%

4CzIPN:CBP film. (a) PL decay curves of 6 wt% 4CzIPN:CBP film at 300 K (black
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line), 200 K (red line), and 100 K (blue line). The PL decay curves show integrated
4CzIPN emission. The excitation wavelength of the films was 337 nm. (b) The PL
spectrum was resolved into prompt and delayed components. (c) Temperature
dependence of PL quantum efficiencies for total (black squares), prompt (red circles),
and delayed (blue triangles) components of 4CzIPN emission for 6 wt% 4CzIPN:CBP
film. (d) Arrhenius plot of the reverse ISC rate from the triplet to the singlet state of

4CzIPN with ksc set to 4x107 (1/s).

Figure 5: Performance characteristics of the OLEDs using CDCB derivatives.
External EL quantum efficiency as a function of current density for the OLEDs using
CDCB derivatives as emitters. 4CzIPN (green dots), 4CzTPN-Ph (red dots), and 2CzPN
(blue dots) were used as emitters. Inset: the EL spectra of the green (green line), orange

(red line), and sky-blue (blue line) OLEDs at a current density of 10 mA/cm?.
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External EL quantum efficiency (%)
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