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ABSTRACT: BN-embedded nonacene, tridecacene, and hep-
tadecacene frameworks were constructed using one-shot quad-
ruple, sextuple, and octuple borylation reactions, respectively.
The key to success is the judicious choice of borylating reagents
and long-chain alkyl-substituted carbazolyl groups as boron-
trapping groups, which suppressed the decrease in HOMO en-
ergy and insolubilization associated with borylation. Judging
from the product yields, each electrophilic C—H borylation oc-
curred in >99% yield, which is the best efficiency reported so
far for C—H borylation reactions. Owing to the multiple reso-
nance effects of boron and nitrogen, the prepared acenes exhib-
ited ultra-narrowband green thermally activated delayed fluo-
rescence with full-width at half-maximum of 12—16 nm; more-
over, their krisc values were in the order of 10° s™!. We fabri-
cated an organic light-emitting diode by employing the
nonacene as an emitter, which exhibited high external quantum
efficiency (EQE) of 28.7%. The device also showed a minimum
efficiency roll-off with an EQE of 25.8% at 1000 cd m ™.

Organic light-emitting diodes (OLEDs) were first developed by
Tang and VanSlyke;!"! currently, they are essential components
of commercial displays owing to their outstanding features,
such as high contrast, design flexibility, lightweight, fast re-
sponse times, and wide viewing angles. However, the power
consumption and brightness of OLEDs have been far from the
theoretical limit because fluorescent emitters only utilize singlet
excitons. Therefore, in order for the utilization of triplet exci-
tons to be efficient, intensive efforts have been devoted to de-
velop phosphorescent and thermally activated delayed fluores-
cence (TADF) materials after the pioneering works by Forrest!?)
and Adachi®!, respectively. However, because of the significant
charge transfer (CT) character of their electronic excitations,
such materials exhibit broader emission bands than those re-
quired for broadcasting standards, with a full width at half max-
imum (FWHM) of 50-100 nm. Therefore, a color filter and/or
an optical microcavity is usually required to improve the color
purity of the original electroluminescence (EL) spectra, which

subsequently leads to efficiency loss. To overcome this problem,
we used the multiple-resonance (MR) effect of boron and nitro-
gen/oxygen atoms. Because of the resulting alternating
HOMO-LUMO pattern, boron-based emitters have small sin-
glet-triplet energy gaps (AEsr) and exhibit TADF,"! enabling
OLED:s to have an internal quantum efficiency of 100% via ef-
ficient reverse intersystem crossing (RISC). Furthermore, the
resulting non-bonding frontier orbitals minimize the vibronic
coupling between the electronic excitation and stretching vibra-
tions!® to realize narrowband emission with an FWHM of <30
nm, as well as a high photoluminescence quantum yield
(PLQY) of >90%. This phenomenon, which is known as “MR-
TADF,” has been extensively used in the past few years.!”! The
most promising way to utilize the MR effect is to extend it to a
fully resonating n-skeleton with multiple boron and nitrogen at-
oms.®! Therefore, we have developed the one-shot borylation
reaction in our previous study,” which involved inter- and in-
tramolecular tandem bora-Friedel-Crafts reactions (electro-
philic C-H borylation).'"” However, the borylation reaction is
accompanied by a decrease in HOMO energy and insolubiliza-
tion of the resulting intermediate, and therefore only proceeds
up to three times with one exception.*

Herein, we report quadruple, sextuple, and octuple borylation
reactions, which were used to construct the largest MR-core
structures comprising BN-embedded nonacenel, tridecacene,
and heptadecacene frameworks, respectively (Figure 1, CzB4,
CzB6, CzB8). This was achieved by carefully choosing the
borylating reagents, boron triiodide combined with 2,6-di(terz-
butyl)pyridine, and by using long-chain alkyl-substituted carba-
zolyl groups, which effectively capture boron atoms to counter-
act the decrease in HOMO energy associated with sequential
borylation and solubilize the intermediates by interfering with
n-stacking. Notably, the molecules exhibited extremely narrow-
band green TADF with an FWHM of 12-16 nm. The
HOMO/LUMO spread over the large acene frameworks to re-
duce the exchange interaction and AEsr. The krisc value in-
creased with the framework expansion and reached 6.5 x 10° s~
!. To demonstrate the usefulness of this protocol, we synthe-
sized sterically protected nonacene (CzB4-oPh) and used it as
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Figure 2 summarizes the theoretical simulations of the sequen-
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2p orbitals of boron atoms and the inductive effect of bromine R k

R[R
atoms. In contrast, model B contains carbazolyl groups; there-
fore, the HOMO energy gradually increases from —5.02 to —4.77
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tions clearly suggest that carbazolyl groups may enable the con- CzB4 (n=0), CzB6 (n=1), P (n=2)

struction of larger acene frameworks by multiple borylation. Figure 1. One-shot construction of BN-embedded large acene

frameworks.
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Figure 2. HOMO energies of model A and B, and borylated intermediates at the B3LYP/6-31G(d) level of theory.

To elucidate the effect of the expansion of acene framework on functional theory (DH-TD-DFT)!'!! calculations were per-
the TADF properties, double hybrid time-dependent density formed on model compounds with C, symmetry, namely CzB4-



core, CzB6-core, and CzB8-core (Figure 3). The S-S, transi- CzB6-core, and CzB8-core between the S, and T states were

tion energies were 2.785, 2.732, and 2.699 eV with the oscilla- 0.250, 0.339, and 0.344 cm™!, respectively. Thus, an increase in
tor strength (f) of 0.769, 2.233, 3.565, respectively, indicating the number of boron atoms resulted in larger £, smaller AEsr,
red-shift emission. Based on the energy gap between S and T, and larger SOC matrix elements, leading to the enhancement of
the AEst of CzB4-core, CzB6-core, and CzB8-core were esti- a rate constant for reverse intersystem crossing (krisc) based on

mated to be 96, 66, and 8.1 meV, respectively. Moreover, the the following relationship: krisc oc (Su|Hsoc| Ta)/ AEsr.?!
spin—orbit coupling (SOC) matrix elements of CzB4-core,
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Figure 3. Molecular structure, energy level diagram, and associated natural transition orbitals (NTOs) for singlet and triplet excited states.
(a) CzB4-core, (b) CzB6-core, and (c) CzB8-core at the T, geometry. Transition energies for Sy, T, and T,, NTOs, and SOC matrix elements
between the T, and S, states were calculated at the TDA-B2PLYP(c,=0.40, ¢.=0.21)/6-31G//B3LYP/DZP level of theory. The isomers with
the largest SOC matrix elements between the S; and T states are shown among the conformational isomers for CzB6-core and CzB8-core
(Figures S1 and S2).

The synthesis of CzBn is shown in Scheme 1. To suppress the undesired peripheral borylations. Precursors 1-3 were synthe-
insolubilization associated with borylation, we designed precur- sized in 52-66% yield in five to seven steps from commercially
sors 1 and 2 possessing 2-ethylhexyl-substituted carbazolyl available sources (Schemes S1-S3). In the presence of 16-32
groups, which facilitated borylation and suppressed the insolu- equiv. of boron triiodide (BI3) and 12-24 equiv of a bulky

bilization of the resulting intermediates. In addition, ferz-butyl Brensted base, 2,6-di(fert-butyl)pyridine (DTBPY), the one-
and 3,5-dimethylphenyl groups were introduced to prevent shot multiple borylation of 1, 2, and 3 proceeded at 150 °C to



obtain CzB4, CzB6, and CzB8 in 90%, 86%, and 83% yield,
respectively. Notably, the efficiency for each C—H borylation
was calculated to be >99%, which is among the highest effi-
ciencies reported for borylation reactions.!!*!3 The isolated
yields of CzB4, CzB6, and CzB8 (76%, 69%, and 75%,
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Bl3 (16 equiv)
DTBPY (12 equiv)

respectively) are not as high as the NMR yields because of the
difficulty in removing the side products with similar molecular
weights or polarities. However, the current protocol can signif-
icantly expand the chemical space of organoboron-based mate-
rials!'¥), especially MR-TADF materials®!.
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Scheme 1. Synthesis of CzB4, CzB6, and CzB8 (R = 2-ethylhexyl, Ar = 3,5-dimethylphenyl).

The photophysical properties of CzB4, CzB6, and CzB8 in a
polystyrene (PS) dispersion film (0.1 wt%) are shown in Fig-
ures 4a, c, e, and Table S1. The fluorescence maximum wave-
lengths of CzB4, CzB6, and CzB8 were 483 nm, 488 nm, and
491 nm, respectively, which slightly red-shifted after the n-ex-
tension. These fluorescence emissions have extremely narrow
FWHMs of 14 nm, 12 nm, and 12 nm, with high PLQYSs (®) of
0.916, 0.940, and 0.922, respectively. Based on the low-temper-
ature photoluminescence spectra of CzB4, CzB6, and CzBS8,
their AEst were determined to be 12 meV, 21 meV, and 3.9 meV
from the onset (4.2 meV, 3.1 meV, and 3.0 meV from the peak
tops) shown in Figures 4a, 4c, and 4e, respectively. These sig-
nificant small AEsr values can be attributed to the effectively
spread HOMO/LUMO orbitals over the large acene skeletons
(Figures S3—S5). To evaluate the TADF properties, the transient
spectra were measured (Figures 4b, 4d, 4f, and S8-S10). The
transient decay curves of CzB4, CzB6, and CzB8 showed two
components corresponding to prompt lifetimes of 5.3 ns, 3.3 ns,
and 3.1 ns, respectively, and delayed lifetimes of 5.0 ps, 2.9 ps,
and 1.4 ps, respectively. Based on the above quantum yields
and lifetimes, the radiative decay rate constants of fluorescence
(ke), intersystem crossing (kisc), and reverse intersystem cross-
ing (krisc) were determined as per Adachi’s method (Tables 1
and S3).'>!'?) Notably, the larger the acene skeleton resulted in
the higher the krisc values, which reached up to 6.5 x 10° s™' for
CzB8. As per our theoretical calculations and spectroscopic re-
sults, this relatively high krisc value should be attributed to the
extremely small AFgr value (3.9-21 meV). The spectroscopic
measurements of these compounds in organic solution showed
results similar to those of the PS dispersion films (Figure S7).
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Figure 4. Photophysical properties of CzB4 (a,b), CzB6 (c,d), and
CzB8 (e,f). (a, c, ) Normalized fluorescence (blue, 300 K; red, 77
K) and phosphorescence (green, 77 K, 25 psec delay) spectra of the
0.1 wt%-doped PS films of the three compounds with



absorption/emission maxima (nm, eV), absolute fluorescence
quantum yield (@), full width at half maximum (nm, eV), and en-
ergy gap between the S; and T states (4Est, meV). (b, d, f) Tran-
sient decay spectrum at 300 K and its relevant parameters. The red
curve shows the single exponential fitting (background = 5). The
gray line shows the instrument response function (IRF). @& and
Orapr indicate quantum yields of the fluorescent and TADF com-
ponents, respectively; 7z and zrapr indicate the lifetimes of the flu-
orescent and TADF components, respectively.

Table 1. Summary of Photophysical Data of 0.1 wt%-doped PS
Films of CzBn Derivatives.

ot b oot w0 o’ K ko' ks’ kmisc!

ComPOUNd: o) el 1] [ns]  [us] (1071107 57 [107 5] [10°s]
czB4 | 502 16 14 27 1.8
CzB6 | 293 26 17 3.0
czB8 | 141 26 22 48 6.5
CzB4-oPh | 160 15 12 37 064

2Absolute photoluminescence quantum vyield. °Quantum vyield of fluorescent
§ rompt) component. “Quantum vyield of TADF (delay) component. “Lifetime of
uorescent (prompt) component. “Lifetime of TADF (delay) component. 'k, kic,
isc: kmisc are rate constants for fluorescence, internal conversion, intersystem
crossing and reverse intersystem crossing, respectively. These values were
calculated by the method in ref [15] and corrected by the method in ref [16].

Although CzB4, CzB6, and CzB8 exhibited enhanced photo-
physical characteristics as emitters, we were unable to fabricate
OLED devices using these compounds by vapor deposition due
to their large molecular weight. Therefore, we synthesized a
new nonacene derivative, CzB4-oPh, to demonstrate the use-
fulness of this synthetic protocol and used it to develop an
OLED emitter (Figure 5a). The structure design of CzB4-oPh
consists of the following steps: (1) 2-ethylhexyl groups were
replaced with methyl groups to reduce the molecular weight and
sublimation temperature, and (2) 3,5-dimethylphenyl groups on
the nitrogen atoms were replaced with large steric o-biphenyl
groups to disrupt the intermolecular -7 interaction for main-
taining superior photophysical properties and ensuring solubil-
ity. Similar to the case of CzBn, CzB4-0Ph was synthesized by
the one-shot quadruple borylation of the corresponding precur-
sor (Scheme S4) in 54% isolated yield as a mixture of syn- and
anti- isomers with different configurations of two o-diphenyl
groups. The photophysical properties of CzB4-oPh in the PS
dispersion film (0.1 wt%) were evaluated (Figure 5b). The flu-
orescence maximum wavelength of CzB4-oPh is 478 nm,
which is slightly blue-shifted than that of CzB4. The FWHM
and @ of CzB4-oPh are 16 nm and 0.925 respectively, which
are comparable to those of CzB4. Based on the fluorescence
and phosphorescence emission maxima of CzB4-oPh (Figure
5b), its AEsr was determined to be 19 meV from the onset (87
meV from peak tops), which is slightly higher than that of CzB4
(12 meV from onset). The transient decay curves of CzB4-oPh
also showed two components, which corresponded to prompt
decay with a lifetime of 5.2 ns and delayed decay with a lifetime
of 16.0 ps (Figure 5c). Based on the above quantum yields and
lifetimes, Ak, kisc, and krisc were determined. The kgrisc value of
CzB4-0Ph (6.4 x 10 is smaller than that of CzB4 (1.8 x 10°),
which is attributed to the larger AEsr of CzB4-oPh.
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Figure 5. (a) Molecular structure of CzB4-0Ph. (b) Normalized
fluorescence (blue, 300 K; red, 77 K) and phosphorescence (green,
77 K, 25 psec delay) spectra of 0.1 wt%-doped PS films of CzB4-
oPh with absorption/emission maxima (nm, e¢V), absolute fluores-
cence quantum yield (@), full width at half maximum (nm, eV),
and energy gap between the S; and T; states (4Est, meV). (c) Tran-
sient decay spectrum of 0.1 wt%-doped PS films of CzB4-oPh at
300 K and its relevant parameters. The red curve shows the single
exponential fitting (background = 5). The gray line shows the in-
strument response function (IRF). @ and @rapr indicate quantum
yields of the fluorescent and TADF components, respectively; 7w
and 7rapr indicate lifetimes of the fluorescent and TADF compo-
nents, respectively.

To demonstrate the potential utility of the CzBn series as emit-
ters for OLED, we fabricated an OLED device employing
CzB4-0Ph as an emitter according to the following device
structure (Figure 6): indium tin oxide (ITO, 50 nm), N,N'-di(1-
naphthyl)-N,N'-diphenyl-(1,1"-biphenyl)-4,4"-diamine ~ (NPD,
40 nm), tris(4-carbazolyl-9-ylphenyl)amine (TCTA, 15 nm),
1,3-bis(N-carbazolyl)benzene (mCP, 15 nm), 1.0 wt% CzB4-
oPh emitter, 99.0 wt% DOBNA-Ph*! (20 nm), 3,4-di(9H-car-
bazol-9-yl)benzonitrile (3,4-2CzBN,"" 10 nm), 2,7-bis(2,2'-bi-
pyridine-5-yl)triphenylene (BPy-TP2,["¥] 20 nm), LiF (1 nm),
and Al (100 nm). The EL characteristics of the device exhibited
ultra-narrowband green emission at 490 nm with an FWHM of
21 nm (Figure 6b) and corresponding Commission International
de I’Eclairage (CIE) coordinates of (0.09, 0.45) (Figure 6¢). In
addition, the device could be operated at 3.2 V (Figure 6d) and
showed a high maximum external quantum efficiency (EQE) of
28.7% (Figure 6e). Furthermore, the device showed a current
efficiency of 55.0 cd A" and 50.8 cd A", and a power effi-
ciency of 44.0 Im W~ and 33.8 Im W' at 100 cd m? and 1000
cd m?, respectively (Figure 6f). The operational lifetime
(LT80) was 43 h at an initial luminance of 1000 c¢d m~ (Figure
S14). Notably, the high EQE is maintained even with increasing
luminance, and the EQE values of 27.8% and 25.8% were
achieved at 100 cd m and 1000 cd m™, respectively (Figure
6e). Furthermore, the orientational order parameter (S) was de-
termined to be —0.226 (Figure S13), which is not comparable to
those of the latest MR-TADF emitters due to its moderate pla-
narity [ Therefore, further improvement of EQE is expected
by optimizing substituents. These results demonstrate the use-
fulness of BN-embedded higher-order acenes as TADF materi-
als.
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Figure 6. EL characteristics of OLED device fabricated with CzB4-oPh. (a) Device structure with energy level diagram (in eV). (b) Nor-
malized EL spectrum with a photograph of EL emission. Inset: electroluminescence of the device. (c) CIE(x,y) coordinates. (d) Current
density (blue) and luminance (green) versus driving voltage. (¢) EQE versus luminance. (f) CE (blue) and PE (green) versus luminance.

In conclusion, we successfully synthesized CzB4, CzB6, CzB8,
and CzB4-oPh, consisting of BN-embedded higher-order acene
frameworks. Unprecedented multiple borylations were carried
out up to eight times by using boron triiodide as the borylating
reagents and appropriate precursors. Judging from the product
yields, each electrophilic C-H borylation occurred in >99%
yield, which is the best efficiency reported so far for C-H
borylation reactions. The obtained CzBn series exhibited ultra-
narrowband TADF (FWHM of 12-16 nm) with high PLQY
(0.916-0.940). In addition, the framework expansion of the
acene leads to improvements in AFsr and krisc, reaching 3.9
meV and 6.5 x 10° s7!, respectively, for CzB8. The OLED em-
ploying CzB4-0Ph as an emitter exhibited emission at 490 nm
with an FWHM of 21 nm and CIE coordinates of (0.09, 0.45).
The fabricated OLED device showed a high maximum EQE of
28.7% and a small efficiency roll-off (2.9% at 1000 cd m™),
which were attributed to its high PLQY and high krisc value.
The CzBn compounds are the largest MR-TADF core struc-
tures reported so far, and the present protocol will significantly
expand the chemical space of MR-TADF materials and pave the
way for the controlled synthesis of BN-embedded nanocarbons.
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