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Efficient reverse intersystem crossing (RISC) is an important process for thermally activated
delayed fluorescence (TADF) to suppress efficiericy roll-offih organic light-emitting diodes
(OLEDs). Enhancing spin-orbit couplingds effective for fast RISC, which is achieved by
mediating a locally excited triplet state when RISC occurs between charge transfer states.
Here, we experimentally confirmed that.efficient RISC occurred in triarylborane-based
TADF emitters named Phox-M°a, Phox-Y¢Czx, and M*O3Ph-™¢x. The three emitters showed
large rate constants of RISC exceeding 10° s™!. Phox-M*n-based OLED exhibited higher

MeO,

maximum external quantum efficiency (EQEmax = 10.0%) compared to Phox-"““n-based

OLED (EQEmax = 6.7%). ~
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Organic light-emitting diodes (OLEDs) have attracted considerable attention for.their
application in displays due to their thinness, light weight, and flexibility*™® The
recombination of holes and electrons generates 25% of singlet and 75% of triplet excitons

in the emitting layer of OLEDs,>®

of which only 25% are available as light in conventional
fluorescent materials. Therefore, the theoretical limit of internal quantuméefficiency (IQE)
had been 25%.”% Although phosphorescent materials can utilize all exeitons (IQE.= 100%)
using iridium or platinum, this leads to high production costs.®*® Recently, Adachi et al.
successfully demonstrated highly efficient OLEDs using thefmally” activated delayed
fluorescence (TADF) materials as emitters.'®® TADF moleculesiean harvést triplet excitons
as well as singlet excitons as light via reverse intersystem €rossing (RISC) and subsequent
radiative decay, realizing IQE of 100% without the use of metallic eléements. The RISC needs
to be fast to avoid the accumulation of triplet excitonsiin OLEDs especially at high current

density; otherwise, undesirable efficiency roll-offs, “ogcur due to triplet-related

annihilations.’®?Y The rate constant of RISC (krisc) is described by Eq. (1).2?

AEST)

krisc |(S|HSOCIT>|2eXp (—

Here, (S|Hsoc|T), ks, T, and AEsr represent the spin-orbit coupling (SOC) matrix element
value between singlet (S) and triplet (T) states, Boltzmann constant, temperature, and energy
gap between the lowest exciteH' singlet (S1) and lowest triplet (T:) states, respectively.
Equation (1) indicates that minimizing AEst and enhancing SOC play important roles in
accelerating RISC. Conventionally, the strategy of separating the highest occupied molecular
orbital (HOMO) jand lowest unoccupied molecular orbital (LUMO) has been adopted to
achieve small AEst for TADF molecules composed of electron donor (D) and acceptor (A)
segments. However, ¢in this case, both S; and T tend to have charge transfer (CT) type
character(denoted-as 'CT and 3CT, respectively),*** resulting in negligibly small SOC
between them as per El-Sayed’s rule.?” One effective solution to enhance SOC without
enmiploying the heavy atom effect is to mediate a locally excited triplet state (*LE) in RISC
between !CT and *CT.?32627

Based on our quantum chemical calculations, and our extensive experience in developing

3-coordinate boron compounds for a wide range of applications,?-** we recently designed,

2
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synthesized, and characterized three triarylborane-based TADF emitters, namely Phox-M¢zx,
Phox-MOx, and M¢O3Ph-F™ex (Fig. 1).>> Phox-"*On and M*®Ph-Mex were designed to
enhance SOC by minimizing 'CT (Si1)-’LE (T2) energy gap. As illustrated in Figy 1, the
second (T2) and third (T3) lowest triplet states of Phox-M¢m are both LE typey(’LEp: LE
confined on donor and *LEx: LE confined on the n-bridge, respectively), butare 0.23 €V and
0.58 eV higher than the T state, respectively, indicating that they cannot participate in the
RISC process. To lower the energy level of the ’LE state, different substitutions were
introduced at the m-bridge, rather than at the donor or acceptor moiéty, because we can
change the energy level of the LE state without changing those of the CT states. In Phox-
MeOg. two electron donating (OMe) groups were introduced.into the #=bridge to achieve a
small T; *CT )-T2 CLEx) energy gap. M¢O®Ph-M¢x wasidesignedito raise the energy levels
of the Si (CT) and T (°CT) states by replacing the'donor segment with a weaker 2,4,6-
trimethoxyphenyl donor, and to reduce the T1 CCT )-T3 (3LE“) energy gap by introducing
electron withdrawing (CF3) groups at the m-bridge. These strategies were expected to provide
fast RISC via the *LE; (T>) state for both Phox="¢Cx and M¢O3ph-Fmez,

Herein, we investigated the photophysical properties of doped films of these emitters to
confirm the design concept mentioned, above and then fabricated OLEDs using these
emitters. The photophysical méasurements revealed that Phox-Mézr, Phox-M¢Oz, and M¢O3Ph-
FMen exhibited short delayed fluorescence lifetimes (zpr) of 1.4, 0.9, and 3.2 us, respectively.
Phox-M¢Ox and M¢O3Ph-Mex showed large kriscs of 1.6x10% and 2.0x10° s™! as expected.
Contrary to our expectation, Phox-Mr also showed a large krisc of 2.6x10° s™!. Phox-M¢n
and Phox-M*°n-based OLEDs provided maximum external quantum efficiencies (EQEmax)
of 10.0% and 6.7%, respeetively (their photoluminescence quantum yields (PLQY's, @pLs)
were 70 and 36%, respectively, vide infra).

Photophysical properties were measured for Phox-Mé, Phox-"Or, and M¢O3Ph-™eg
doped films. Thé emissionicolors of Phox-zr, Phox-M¢Ox, and M¢O3Ph-"M¢x ranged from
sky-blue to reddish. Therefore, we selected the most representative and widely used 3,3'-
di(9H-carbazol-9-yl)-1,1"-biphenyl (mCBP) as the host, which can cover the wide range of
emissionsFigure 2(a) shows their photoluminescence (PL) spectra with photoluminescence

peakiwavelengths (Apr) of 581, 626, and 484 nm for Phox-M¢xr, Phox-Y*°n, and M¢O3Ph-

EMen  respectively. The broad emissions confirmed the results of quantum chemical
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calculations that their S states have CT character. The PLQY's of 70%, 36%, and 50% were
obtained for Phox-¢m, Phox-M¢Ox, and M¢O3Ph-"™¢x, respectively (Table 1). As MOPh-
FMe exhibited blue emission, we further investigated the behavior of Ap. and ®pr. at different
doping concentrations (10, 20%, and 100% (neat) films). As exhibited in Table SIII,
Commission Internationale de 1'Ecairage (CIE) y values increased with increasing doping
concentrations from 5 to 20%, but decreased for the neat film. This behavior was.the same
as that previously reported for blue TADF emitters.>” Moreover, @prs increased with
increasing doping concentrations, reaching 79% in the neat film. -

We have further investigated the photophysical behavior of M*@3Ph-"fM¢z.in a different host,
namely 2,8-bis(diphenylphosphoryl)dibenzo[b,d]furan (PPE), because it has a higher T;
energy (3.1 eV>¥), which is suitable for blue TADF emittérs. The @pi of M¢O3Ph-"¢x in PPF
was 79% at 20 wt%, which was higher than that in mCBP (54%). The emission wavelength
was slightly red-shifted (Ap. = 490 nm) (Table SIV). .

Figure 2(b) displays the experimental transient PL decay curves; the lifetimes of prompt
fluorescence (zpr) were 60.0, 31.9, and 82.5 ns and 7pr were 1.4, 0.9, and 3.2 us for Phox-
Mez, Phox-M¢On, and M¢O3Ph-™exr_ respectively. All emitters showed relatively short pps (~
1-3 us), originating from fast RISC and,the subsequent radiative decay. Table I shows the
photophysical properties including the rate constants (see Eqs. S1-S4 for the derivation).?”
The kriscs of three emitters were on the order of 10° s™!, which were one or two orders of
magnitude larger than those of erdinary TADF emitters (krisc ~ 107 s71).3%40) The large
kriscs of Phox-M¢On and Y*O3Ph-F™¢x were consistent with our design concept. In contrast,
Phox-M¢x also showedsan unexpectedly large krisc in spite of the fact that the °LE state of
Phox-M*mr would not be involved in RISC from the calculated energy levels in Fig. 1. A
possible reason is that the actual energy level of the °LE is closer to !CT and *CT than that
expected fromrthe quantum chemical calculation.

Finally, ‘we dnvestigated OLED performance using these three molecules as emitters.
Their good solubilities encouraged us to fabricate the devices by a solution process. The
device ‘structure was as follows: ITO (50 nm)/PEDOT:PSS (45 nm)/PVK (15 nm)/5 wt%
emitter: host (40 nm)/PPF (10nm)/TPBi (45 nm)/Liq (1 nm)/Al (80 nm). In these devices,

indium-tin-oxide (ITO) and Al act as the anode and cathode, respectively. Poly(styrene

sulfonic acid)-doped poly(3,4-ethylenedioxythiphene) (PEDOT:PSS) was employed for
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hole injection, poly(N-vinylcarbazole) (PVK) for hole transport and electron blocking, PPF
for hole blocking, 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi1) for
electron transport, and 8-hydroxyquinolinato lithium (Liq) for electron injection (Fig. 3a).
The host materials and doping concentrations for Phox-"z and Phox-"¢On were the same
as used for the photophysical measurements (5 wt%), while no host matetial was used for
MeO3pp_FMeq (Fig. S2) because of its high ®pr (79%) in the neat film.

Figures 3(a)-3(c) illustrate the device structure, electroluminescence (EL) spectra, and
EQE-luminance curves. The device performances are summarized in Table IT. As shown in
Fig. 3b and Table II, the devices prepared from Phox-"*m and Phox-*¢°n exhibited EL
spectra with maximum wavelengths (1eL) of 569 and 595 nm, respectively. Both EL spectra
were blue-shifted compared to PL spectra due to the microcavity effect in the devices. The
EQEmax values were 10.0% for Phox-¢m and 6.7% fér Phox-*Ox (Fig. 3c).

The theoretical maximum EQEs (EQEeomaxs) were caleulated as follows*":

EQEtheo,max = Np + Ma, (2)
Np.= 0.25@,yPyye, 3)
Py
na = [0.75 + 0.25(1 — ¢p)]my¢>out, (4)
p

where 7, and 74 are the contributions of the prompt and delayed components to EQEeo,max,
respectively, and y and @, are charge recombination and light out-coupling factors,
respectively. Here, g@Psuc Was assumed to be 0.2 following previous reports for solution
processed OLEDs.*" ®prand .@q represent the prompt and delayed components of ®pr,
respectively. For the OLEDs based on Phox-"¢z and Phox-M¢Cx, the EQEeomax Values are
calculated to. ber12:7%.and 4.2%, respectively, which are in good agreement with the
experimental results (TabledI). From the Egs. (2) and (3), we found that the contributions of
delayed fluorescence were significant; 7, = 1.1% and 574 = 11.6% for Phox-Mn and 7, =
1.2% and 74 = 3.0% for Phox-¥Ox, indicating that RISC plays a crucial role in achieving
the high EQEs. The device performance of M*3Ph-fM¢x was poor because of the low
sublimation temperature and deep HOMO level (Table SVII, Figs. S2-S4). The details are
discussed in the supplementary data (page S8).
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In summary, we have investigated photophysical and device performances of Phox="z,
Phox-"n, and M¢O3Ph-"™¢xg. Phox-M*On and M*O*Ph-™¢r were designed to accelerate
RISC without using heavy atoms, and their kriscs were determined to be 1.6x10° and 2.0x10°
s !, respectively. The efficient RISC for both emitters was due to mediation by the *LE state
as designed. Phox-Mzm and Phox-M*On-based devices prepared by asolution process
exhibited EQEmax values of 10.0% and 6.7%, respectively. Delayed fluorescence largely
contributed to the EQEs, indicating that highly efficient RISC occurred in the devices.

~
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Figure Captions

Fig. 1. Molecular structures and calculated energy diagrams of Phox-M¢z, Phox-V*®x and

13 MeO3ppy _FMeq A Fors and SOC matrix element values are also shown.

16 Fig. 2. (a) PL spectra with their photographs and (b) transient PL decay curves of 5 wt%

18 Phox-"¢x, Phox-Ox, and M¢O3Ph-™¢x doped films in mCBP.
19 ~

2 Fig. 3. (a) Device structure, (b) EL spectra with photographs, and.(c) EQE-luminance curves

for Phox-¢x and Phox-"*°n-based OLEDs fabricated by a solution process.
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Table 1. Photophysical properties of 5 wt% Phox-M¢n, Phox-"*On and M¢O3ph-"™eg

doped films in mCBP.

: Il @t peldd ol e ld) fo 1] st krise!!

emitter N 6 —1 6 —1 7 1 [106

[nm] [%] [ns] [us]  [10°s™] [10°s™'] [107s.] s 1]

Plf}?;" 581 70 60.0 14 33 1.4 1.0 2.6

Phox- ¢6 36 319 09 7.4 13 1.0 1.6

T

MeOSPh_ ~

melT 484 S0 825 32 094 094 0.85 2.0

[a] Photoluminescence peak wavelength (Apr). [b] Photoluminescence quantum yield
(@rL). [c] Lifetime of the prompt fluorescence (zpr) and delayed fluorescence (zpr). [d]
Rate constants of radiative decay (4:), non-radiative’ decay(knr), intersystem crossing

(kisc), and reverse intersystem crossing (krisc).

Table II. Device performances of Phox-Mén- and Phox-"*On-based OLEDs with 5 wt%

concentration fabricated by solution process.

emitter AEL[a] CE [b] PE[c] EQE[d] EQEtheo,max[e]
[nm] [ed A7) [lm W] [%] [%]
Phox-M¢n 569 28.3/16.4 13.5/3.6 10.0/5.8 12.7
Phox-MOg 595 D.4/4.8 3.8/0.77 6.7/2.5 4.2

[a] Electroluminescence peak wavelength (1e) at 1 mA cm 2. [b] Current efficiency (CE)
at maximum/500 cd m.2. [c] Power efficiency (PE) at maximum/500 cd m 2. [d] External

quantum efficiency (EQE)rat maximum/500 cd m 2. [e] Theoretical maximum EQE

(EQEtheO,max) .

10
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