@ LI NeINI Y Hot Paper

GDCh
~~

Communications

Internati

International Edition: DOI: 10.1002/anie.201509231
German Edition: DOI: 10.1002/ange.201509231
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Thermally Activated Delayed Fluorescence and Preparation of

Organic Light-Emitting Diodes
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Wei Lu, Yun Chi,* Yi-Ting Chen, Shih-Hung Liu, and Pi-Tai Chou*

Abstract: The electron positive boron atom usually does not
contribute to the frontier orbitals for several lower-lying
electronic transitions, and thus is ideal to serve as a hub for
the spiro linker of light-emitting molecules, such that the
electron donor (HOMO) and acceptor (LUMO) moieties can
be spatially separated with orthogonal orientation. On this
basis, we prepared a series of novel boron complexes bearing
electron deficient pyridyl pyrrolide and electron donating
phenylcarbazolyl fragments or triphenylamine. The new boron
complexes show strong solvent-polarity dependent charge-
transfer emission accompanied by a small, non-negligible
normal emission. The slim orbital overlap between HOMO
and LUMO and hence the lack of electron correlation lead to
a significant reduction of the energy gap between the lowest
lying singlet and triplet excited states (AE.g) and thereby the
generation of thermally activated delay fluorescence (TADF).

Organic light-emitting diodes (OLEDs) have rapidly pro-
gressed since the first report of electroluminescence (EL)
using organic fluorophore by Tang and VanSlyke in 1987.1"
Important advancements were then made possible through
the utilization of precious-metal-based phosphors, resulting in
an increase of internal EL quantum efficiencies (1;,) from
25% to 100 % .” However, the issue of costs becomes a major
obstacle for these phosphors. One promising approach is to
employ a metal-free luminophore that shows efficient ther-
mally activated delayed-fluorescence (TADF).P! It is believed
that, by controlling the spatial overlap between the highest
occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO), the energy gap (AErg)
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between the lowest energy singlet (S;) and triplet (T,) states
can be effectively reduced.”

This tactic not only promotes the singlet-triplet mixing,
but also facilitates the reverse intersystem crossing from T; to
S, and hence harvesting the delayed fluorescence via thermal
activation.! As a result, numerous systems that displayed
notable TADF behaviors have been investigated, the asso-
ciated electron transfer properties can be categorized being
intra- and intermolecular type of donor—acceptor composites;
the intermolecular type is ascribed to the exciplex forma-
tion.’! However, despite the difference in mechanism the
similarity lies in that most of them rely on the hydrocarbon-
based core structure. In an aim to expand the versatility and
applicability, there is a great demand for TADF materials
with a different molecular design. We report herein a new
approach to the TADF emitters. The boron-containing frag-
ment was chosen for its high rigidity and good electron-
accepting ability,” which then serves as a hub for anchoring
both the donor and acceptor groups without affecting their
electronic properties. Consequently, under solution-processed
conditions,”®! we demonstrate for the first time the boron-
complex-based OLEDs, these give external EL quantum
efficiencies (7.y) of 13.6 %, a result attributed to the TADF
characteristics.

These organoboron compounds inherited the traditional
designs of pyrazolate- and pyrrolide-substituted boron com-
plexes,”” except for incorporation of electron-donating tri-
phenylamine or carbazolyl fragments.'"”) Their syntheses
started with the isolation of an air-stable intermediate
PrFBCl,,  PrFH =2-(3,5-bis(trifluoromethyl)-1H-pyrrol-2-
yl)pyridine. Subsequently, treatment of PrFBCl, with the
in situ generated Grignard regent and in presence of Cul!
afforded the products PrFPCz, PrFCzP, and PrFTPA
(Scheme 1). This synthetic methodology is different from
that described for the typical BPh, and BAr, derivatives,
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Scheme 1. Structural drawings of the boron complexes, PrFPCz, PrFCzP,

PrFTPA.
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which involves the direct treatment of PrFH and analogues
with BPh; or with BFAr,, owing to the inaccessibility of
corresponding diaryl or triaryl boron reagents.'”

The UV/Vis absorption and emission spectra of the new
boron complexes in different solvents at room temperature
are shown in Figure 1, while pertinent photophysical data are
listed in Table 1. As can be seen, the lower energy absorption
peaks for these complexes at about 350 nm have a large molar
extinction coefficient in the order of around 1.5 x 10* M~ cm™!
(in toluene). Thus, this characteristic absorption can reason-
ably be assigned to a ligand-centered m—t* transition, which is
independent of solvent polarity. Furthermore, all these
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Figure 1. Absorption and emission spectra of a) PrFPCz, b) PrFCzP,
and c) PrFTPA in toluene (black), CH,Cl, (red), and acetonitrile (blue)
at 298 K. Inset: The 10x enlargement of emission from 380 to 450 nm.
Note that the appearance of a sharp peak at approximately 396 nm is
ascribed to the Raman peak (C—H vibration) of the solvent upon

355 nm excitation.

Table 1: Selected photophysical properties of the complexes in toluene
and acetonitrile at room temperature.

Lifetime!”
Compound  LE o
(solvent) [nm] CT [nm]  PLQY [%)] T Tcr [ns]

[ns]  (pre-exp factor)
PrFPCz 485 9.3,61 22,50 27.5 ()
(toluene)
PrFPCz 390 620 0.4 49 (-)
(CH,CN)
PrFCzP 495 7.4,61 23 4" 31.1 (0.9970)
(toluene) 16045 (0.0030)
PrFCzP 410 600 6.1 80(-)
(CH,CN)
PrFTPA 560 10.9,1 40.80! 63.1 (0.9945)
(toluene) 4240 (0.0055)
PrFTPA 410 705 27 149
(CH,CN)

[a] measured in aerated solution. [b] measured in degassed solution.
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complexes exhibit structureless emission in the visible
range, of which the peak wavelength is strongly solvent
dependent, being red shifted upon increasing the solvent
polarity. For example, the emission maximum of PrFPCz
occurs at 485nm (in toluene), 550 nm (in CH,Cl,), and
620 nm (in CH;CN), which can be ascribed to the inter-ligand
charge-transfer (CT) transition (see below), resulting in
a large change of dipole moment in the electronically excited
state versus that of the ground state, which is conventionally
termed solvatochromism.['¥ Similar behavior was observed
for PrFCzP and PrFTPA. It is worth of noting that a non-
negligible band at approximately 390-410 nm for PrFPCz and
PrFCzP, and became more prominent for PrFTPA in CH;CN
owing to its very weak CT emission. This short-wavelength
emission is defined as the localized-excitation (LE) emission
to distinguish it from the CT emission. This phenomenon is
reminiscent of a number of compounds that exhibit twisted
intramolecular charge transfer (TICT)."" Similar dual emis-
sion has been observed recently by Adachi and co-workers on
the dihydrophenazine-based emitters exhibiting TADF.!!
Since the contribution of localized-excitation emission is
very minor and becomes negligible in the solid state (see
below), relevant discussion is elaborated in the Supporting
Information.

The time-dependent density functional theory (TD-DFT)
calculations were then performed to gain insight into the basic
photophysical data. All pertinent assignments of the lowest
lying singlet S;—S; absorption transitions are listed in
Table S3 and Figure S2 in the Supporting Information, while
Figure 2 depicts the HOMO and LUMO of PrFTPA as
representative example. Analyses conclude that the lowest
energy transition is HOMO —LUMO in nature, in which the
electron density distribution of HOMO and LUMO is mainly
localized at triphenylamine and the chelating pyridyl pyrro-
lide, respectively, for PrFTPA. Therefore, the S,—S; transi-
tion for all the new complexes are assigned to the inter-ligand
charge transfer, in which HOMO and LUMO are spatially
separated by the boron atom. The electron-density contribu-
tion of boron in both HOMO and LUMO for PrFTPA is
negligible, being 0.40 % and 0.48 %, respectively. Accordingly,
the S,—S, transition reveals a large charge-transfer character,
for which the transition moment in terms of oscillator
strength is virtually zero, that is, a forbidden transition (see
Table S$3).0

The photoluminescence quantum yields (PLQY) of the
major CT emission for PrFPCz, PrFCzP, and PrFTPA in
degassed toluene are recorded to be 22.5, 23.4, and 40.8%,

oy A

HOMO, B: 0.40% LUMO, B: 0.48%

Figure 2. The frontier orbitals of PrFTPA. “B” indicates the relative
electron density at boron atom. Energy levels calculated from redox
potentials and (DFT studies): HOMO =5.14 (4.90) eV and
LUMO=2.78 (2.60) eV.
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respectively (Table 1). Furthermore, the lifetime of PrFPCz
shows only a single exponential decay component (27.5 ns) in
toluene, while that of PrFCzP and PrFTPA clearly reveals two
single exponential decay components, consisting of a fast
decay with a lifetime of 31 ns (for PrFCzP) and 63 ns
(PrFTPA ) and a slow decay with a lifetime of 16 ps
(PrFCzP) and 4.2 ps (PrFTPA; see Figure S3 and Table 1).
Both the short and long decay components are subject to
oxygen quenching. We thus conclude that the short and long
decay components are ascribed to the prompt fluorescence
and TADF, the TADF originates from thermal equilibrium at
room temperature between the S; and the T, state, and the
difference in energy AE (defined as T, minus S,) is derived
as follows [Eq. (1)]:1""

= bl e

e 4

kisc + krisc kisc + k

Krise : eft/rz} (1)
where [, is a proportional constant incorporating both
radiative decay rate constant of the CT emission and instru-
ment factor, 7; and 7, are the observed lifetime of the fast and
slow decay components. As a result, the equilibrium constant
K.q=kis/ki. can be obtained by the ratio of the pre-
exponential factor (at r=0; see Table 1) in Equation (1),
which is deduced to be 332 (PrFCzP) and 181 (PrFTPA) in
degassed toluene. According to the AE;s—K,, relationship
expressed as AErg = —RTIn(K./3) where a factor of 3 stands
for the triplet degenerate states, AErg is then deduced to be
—2.8 and —2.4 kcalmol™ for PrFCzP and PrFTPA in toluene,
respectively. TADF was not observed for PrFPCz in toluene
(see above) and other polar solvents. This is perhaps due to
the larger solvent polarity stabilization of the triplet state (T})
than the singlet state (S,), resulting in a large negative AE,g
for PrFPCz such that T,—S, reverse intersystem is thermo-
dynamically unfavorable. Nevertheless, as elaborated below,
TADF for all the new boron complexes is evident in the solid
film, which contributes greatly to OLED:s.

Spectroscopic measurement of the boron com-
plexes in the solid film has also been performed.
Figure S4 a depicts the fluorescent spectra (measured at
room temperature) and phosphorescent spectra (mea-
sured at 77 K) of PrFPCz, PrFCzP, and PrFTPA doped
(with a doping concentration of 8 wt%) in a large-
triplet-energy host TCTA [(4,4',4"-tri(N-carbazolyl)tri-
phenylamine)]."® The fluorescence and phosphores-
cence of PrFPCz, PrFCzP, and PrFTPA in doped films
give broad and structureless spectra peaking around
522 nm, 518 nm for PrFPCz, 505nm, 491 nm for
PrFCzP, and 520 nm, 531 nm for PrFTPA , respectively 10°
(Table S4). From the difference in the onset wave-

€402
lengths of fluorescence and phosphorescence spectra, g:gq
relatively small triplet-to-singlet energy gaps AF;g of  £10°*

approximately —57 meV (—1.3 kcalmol '), —65 meV
(—1.5kcalmol ™), and —38 meV (—0.9 kcalmol ') are 107
extracted for PrFPCz, PrFCzP, and PrFTPA, respec-
tively, indicating the possibility of TADF in these boron
complexes doped in solid films as well. Indeed, the
transient photoluminescence (PL; Figure S4b) of
PrFPCz, PrFCzP, and PrFTPA in the TCTA host
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measured by monitoring the intensity of the PL peak
wavelength at room temperature clearly exhibits a delayed
component (with a lifetime of 4.3 ps, 2.4 us, and 3.1 ps,
respectively, Table S4) following a prompt component (with
a lifetime of 143 ns, 33 ns, and 40 ns, respectively), confirming
their distinct TADF characteristics in doped films. Intrigu-
ingly, while distinct TADF is not readily observed for PrFPCz
in polar solvents, it exhibits clear TADF characteristics in
doped films. At room temperature, PrFPCz, PrFCzP, and
PrFTPA doped in TCTA exhibit a PLQY of approximately
40%, 38%, and 60%, respectively. Noticeably, PrFTPA
doped in TCTA exhibits a significantly higher PLQY of
about 60 % than the others at room temperature.

The TADF emitters PrFPCz, PrFCzP, and PrFTPA were
further subjected to electroluminescence (EL) studies. The
devices had the structure: glass substrate/ITO anode/
PEDOT:PSS (30 nm)/TCTA: 8 wt% PrFPCz, PrFCzP, or
PrFTPA (40 nm)/3TPYMB (50 nm)/LiF (0.6 nm)/Al
(100 nm). The transparent poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) served as the hole-
injection layer."” TCTA with a large-triplet-energy was
employed as the hole-transport and host material."! Tris-[3-
(3-pyridyl)mesityl]borane (3TPYMB),”” LiF and Al acted
as the electron-transport layer, electron injection layer and
the cathode, respectively. Figure 3a shows the device con-
figuration and chemical structures of materials used in this
work.

Figure 3b—d shows the EL characteristics of all studied
devices, while data are summarized in Table 2. The EL spectra
(Figure 3b) of all the devices are similar to their correspond-
ing PL spectra in doped films (i.e., blue-green to green
emission and more red-shift EL for the PrFPCz and PrFTPA
devices), indicating pure EL from either PrFPCz, PrFCzP, or
PrFTPA. All devices exhibit similar /-V characteristics (Fig-
ure 3¢), with a low turn-on voltage of about 2-2.5 V (defined
as the voltage when the luminance becomes detectable) and
low operation voltage (e.g. ca. 3—4 V for a practical brightness
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Figure 3. a) The device configuration and chemical structures of materials
used in this work. b) EL spectra, c) current-voltage-luminance (I-V-L) charac-
teristics, and d) external quantum efficiency and power efficiency of PrFPCz,
PrFCzP, and PrFTPA devices.
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Table 2: The electroluminescence parameters of PrFPCz, PrFCzP and
PrFTPA.

Device EQE  Current efficiency ~ Power efficiency
(%]  [cdAT] [ImWw]

PG eamt 6 108 552

PP Lm0 75 7

PATPA Toocam® 105303 25

of 100 cdm™?). As shown in Figure 3d (and Table 2), the
PrFTPA device gives significantly higher external quantum
efficiency (EQE), current efficiency, and power efficiency up
to 13.5%, 392 cd A", 43.9 ImW~! versus 7.6 %, 22.2cd A",
249 1m W™ for the PrFPCz device and 4.8%, 11.8cd A",
13.31m W ! for the PrFCzP device. It is not surprising that the
PrFTPA device shows highest EL efficiencies among all
devices, since PrFTPA possesses the highest PLQY. Yet,
a maximal EQE of over 10% is certainly beyond the
theoretical limit of a normal fluorescent emitter with
a PLQY of 60%. Considering the PLQY of 60%, a singlet
ratio around 25 % in EL for normal fluorescent emitters, and
an optical out-coupling efficiency of 20-25% for typical
OLEDs, an upper limit of EQE of only about 4% would be
expected. The observation of a > 10% EQE clearly indicates
effective recycling and utilization of the triplet excitons
formed during the EL process, through the effective TADF
(or reverse intersystem crossing) process of PrFTPA, as
already indicated by its delayed fluorescence in PL. Similarly,
although lower EQE is observed for PrFPCz and PrFCzP
devices, yet their efficiencies are also significantly beyond
those expected from normal fluorescent emitters with the
observed PLQYs, again indicating harvesting of triplet
excitons for EL through TADF.

In conclusion, we exploit the boron atom as a hub to
anchor both electron-donating and electron-accepting moi-
eties, for which the poor orbital overlap between donor and
acceptor provide the needed criteria for reduced AFErg.
Moreover, all of the resulting complexes show intense
luminescence accompanied by prominent TADF. Among all
studied OLEDs, the device using PrFTPA processed by spin
coating achieved EQE of 13.5%. The results demonstrate for
the first time that boron complexes can be used as a core
composite to attain high performance OLEDs via harvesting
TADF, broadening the horizon of the TADF class of
molecules.
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