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Abstract

Two strategies to improve the performance of multiresonant ther-
mally activated delayed fluorescence (MR-TADF) compounds
are explored. These include incorporation of units to turn on ag-
gregation-induced emission so as to permit use of MR-TADF
compounds at high doping concentrations, and the use of heavy
atoms to increase spin-orbit coupling to enhance reverse intersys-
tem crossing rates. Preliminary photophysical investigations are
presented.
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1. Introduction

Organic light-emitting diodes (OLEDs) are a disruptive technol-
ogy for displays, fast overtaking market share from liquid crystal-
line displays (LCDs). OLEDs have many advantages in terms of
performance such as their high dynamic color range, fast refresh
rates, light and ultrathin profiles and low power consumption.
Commercial vacuum-deposited OLEDs employ fluorescent blue
emitters and phosphorescent green and red emitters. Much recent
excitement has focused on the development of purely organic
thermally activated delayed fluorescence (TADF) emitters as
these compounds can achieve comparable internal quantum effi-
ciencies without the use of scarce and expensive noble metals. In
typical OLEDs, the emitter is doped at low concentration into a
host matrix in part to mitigate against aggregation-caused quench-
ing. Further, most TADF OLEDs show severe efficiency roll-off
at high luminance, this in part due to the too high triplet exciton
density linked to inefficient TADF associated with too slow a re-
verse intersystem crossing rate constant, krisc. Developing solu-
tions to address these two issues are necessary to overcome the
barriers to commercial adoption of these materials within the
OLED industry.[1]

In 2001, Tang and co-workers coined the term aggregation-in-
duced emission (AIE) to describe an enhancement of the photo-
luminescence quantum yield (®pr) at elevated concentrations of
emitter.[2] The compound in their seminal study, 1-methyl-
2,3,4,5 pentaphenylsilole (MPPS), is virtually non-emissive in di-
lute solution; however, shows bright fluorescence in the aggre-
gated state. Emission enhancement was attributable to the re-
striction of molecular motions in the aggregated state. Since then,
numerous AlE-active molecules have been designed and ex-
ploited in a number of applications, including bio-imaging, sen-
sors, electroluminescent devices. AIE behavior can frequently be
conferred upon a molecule through the incorporation of
“AlEgens” such as cyclic siloles and tetraphenylethene (TPE).
For instance, TPE and triphenylamine (TPA) have ®p; of 49.2%
and 10.2%, respectively, in amorphous films but when the frag-
ments are integrated into a single molecule the ®py, increases to
92% and 100%, respectively, in tris(4'-(1,2,2-triphenylvinyl)-
[1,1-biphenyl]-4-yl)amine (3TPETPA) and N*N*N*¥N*-

tetrakis(4'-(1,2,2-triphenylvinyl)-[1,1'-biphenyl]-4-yl)-[1,1'-bi-
phenyl]-4,4' diamine (4TPEDTPA).[3] These two examples
demonstrate how non-radiative decay pathways in the aggregated
state are suppressed when TPE units are present.

There are now numerous TADF materials with AIE-activity,
termed AIDF for aggregation-induced delayed fluorescence.
These are excellent candidates for use in non-doped OLEDs. For
instance, Tang and co-workers demonstrated non-doped yellow
OLEDs (AgL = 548 nm) with an excellent maximum external
quantum efficiency (EQEnax) 0f 22.6%, negligible efficiency roll-
off (20.1% at 5000 c¢d m2) and improved operational stability
with an emissive layer (EML) containing DCB-BP-PXZ (Figure
1).[4] This compound shows a @pr in THF of only 4%, which
increases to 69% in the neat film, showing a Ap. of 530 nm, a
short delayed fluorescence lifetime, tq, of 2.6 us and a singlet-
triplet energy gap, AEsr, of 0.024 eV. Despite the wide use of
TPE in AIE-active compounds, to the best of our knowledge there
is only a single example of a TPE-containing AIDF emitter. The
compound ECDPTT was used in the EML of a non-doped green
OLED (AgL = 517 nm), which exhibited a maximum current effi-
ciency and a maximum luminance of 2.478 cd A*! and 7561 c¢d m
2, respectively.[5] The material emits at 558 nm in the neat film
and has a small AEstof 0.12 eV and a 14 of 2.12 ps. Zhao et al.
designed an AIDF emitter, 4,4-CzSPz, showing a high ®pp of
97% with an emission centered at 530 nm in the neat film.[6] This
compound posseses a 14 of 62.2 pus despite the small AEgr of 0.024
eV. The non-doped device showed an EQEax of 20% at a Agr, of
526 nm. A solution-processed sky-blue non-doped AIDF OLED
was reported by Wu et al. using m-ACSO2 as the emitter that
showed an EQEnmax of 17.2% at a Agr of 486 nm.[7] Additionally,
efficiency roll-off was low with an EQE at 100 ¢d m™ of 16.5%.
This material emits at 473 nm, and has a ®p. of 76%, a 14 of 3.2
ps and a AEsris 0.07 eV in the neat film. Recently, Leng et al.
reported the AIDF compound mPhDCzDPSPXZ that emits at 548
nm and has a ®@p;, of 56%, a short 14 0f 0.76 pus and a AEsris 0.03
eV in the neat film.[8] Non-doped devices showed EQEmax of
18.1% at a Agr of 523 nm; the efficiency roll-off was low with an
EQE at 1000 cd m? of 16.9%. These exemplar studies clearly il-
lustrate the potential of AIDF materials for use as emitters in non-
doped OLEDs as these devices tend to offer excellent efficiencies
and extremely small efficiency roll-off.
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Figure 1. Chemical structure of literature examples of AIDF
compounds.
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The magnitude of the first order mixing coefficient, A, between
the S; and T states provides a useful tool to assess the efficiency
of TADF. The parameter A is proportional to the square of the
spin-orbital coupling (SOC) matrix element and inversely propor-
tional to AEst. Thus, the efficiency of TADF can be improved by
reducing AEst, which is a guiding principle of TADF emitter de-
sign, and by enhancing SOC. SOC itself scales with Z*, where Z
is the atomic number of the atoms involved in the transitions to
the S; and T, states, which is the origin of the so-called heavy
atom effect.[9] The incorporation of heavy atoms such as bro-
mine, sulfur or selenium has been used as an effective strategy in
donor-acceptor TADF emitter design to increase krisc.[10-17]

Multi-resonant (MR-TADF) molecules are a sub-class of TADF
emitters that are based on n- and p- doped nanographene that con-
tain atoms such as boron and nitrogen. A small exchange integral
and therefore a small AEst is maintained as a result of the oppos-
ing resonance effect of these atoms. The spectroscopic signature
of this class of compounds is one of a very narrow emission due
to their rigid nature that shows a small degree of positive solvato-
chromism as a result of the short-range charge transfer nature of
the lowest excited states (S; and T)).[18] Unfortunately, most
MR-TADF emitters show moderately large AEst (ca. 150-200
meV) and this leads to relatively slow Arisc and thus severe effi-
ciency roll-off in the OLEDs. One strategy to overcome this de-
sign weakness would be to include heavy atoms into the design
of MR-TADF emitters.[19] Further, MR-TADF compounds are
typically planar and thus tend to aggregate easily, resulting in se-
vere aggregation-caused quenching at even moderate doping con-
centrations within the emissive layer. Incorporation of AIEgens
may be a route to overcoming this design weakness. Here, we
present two triangulene compounds, dBr-tBu-DiKTa and TPE-
tBu-DiKTa, designed to increase krisc and be used at high dop-
ing, respectively, and report an initial photophysical assessment.

2. Computational Modelling

The electronic structures of dBr-tBu-DiKTa and TPE-tBu-
DiKTa were modelled using Density Functional Theory at the
PBEO0/6-31G(d,p) level of theory in the gas phase (Figure 2). The
Highest Occupied Molecular Orbital (HOMO) is distributed over
the entire compound, save for the ‘Bu group, while the Lowest
Unoccupied Molecular Orbital (LUMO) is localized mainly on
the central triangulene fragment. The pattern of the electron den-
sity distribution about the triangulene core is reminiscent of the
parent DiKTa emitter.[18] The small redistribution in the elec-
tron density distribution is reflected in the small permanent and
transition dipoles of 2.71 and 4.24 D, and 6.68 and 4.33 D, re-

spectively, for dBr-tBu-DiKTa and TPE-tBu-DiKTa. The cal-
culated energies of the S; state are 3.24 and 2.86 eV, respectively,
for dBr-tBu-DiKTa and TPE-tBu-DiKTa, this state is charac-
terized mainly by a HOMO-LUMO transition that shows the sig-
nature of a MR-TADF emitter. The energies of the T, state are
2.55 and 2.38 eV, respectively, for dBr-tBu-DiKTa and TPE-
tBu-DiKTa. The additional conjugation arising from the TPE
group results in a stabilization of both these states in the latter
compound. There are additionally two intermediate triplet states
at 3.07 and 3.14 eV for dBr-tBu-DiKTa and 2.49 and 2.52 eV
for TPE-tBu-DiKTa. Spin-vibronic coupling from T; to these
states is likely to assist the TADF process. The calculated AEst
value of 0.69 eV for both compounds determined by TDA-DFT
are expectedly overestimated, SCS-CC2 calculations would be re-
quired to accurately predict this value, calculations that are ongo-
ing.[20]
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Figure 2. HOMO and LUMO electron density distributions
and energy levels (in eV), excited state energy levels (in eV)
of (left) TPE-tBu-DiKTa and (right) dBr-tBu-DiKTa.

3. Synthesis

TPE-tBu-DiKTa was obtained following a six-step linear se-
quence as outlined in Figure 3. Intermediate 1 was obtained via a
high-temperature double Ullman coupling between 4-tert-bu-
tylaniline and methyl 2-iodobenzoate in 67% yield. Regioselec-
tive bromination afforded compound 2 in 67% yield.[21] Sapon-
ification to generate quantitatively intermediate 3 followed by ac-
tivation of the diacid with thionyl chloride and cyclization in the
presence of AlCl; afforded dBr-rBu-DiKTa, in 73% yield. Palla-
dium-catalyzed borylation installed the diboronate ester groups in
4 in 75% yield, which was then reacted with the vinyl bromide
under Suzuki-Miyaura cross-coupling conditions to furnish TPE-
tBu-DiKTa in 54% yield.
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Figure 3. Synthesis scheme of TPE-tBu-DiKTa.
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4. Optoelectronic Characterization

Figure 4(a) shows the cyclic and differential pulse voltammo-
grams in DCM, referenced versus SCE, of dBr-tBu-DiKTa and
TPE-tBu-DiKTa. Both compounds show reversible reduction
waves at -1.50 and -1.58 V, respectively, and mostly irreversible
oxidation waves at 1.56 and 1.13 V, respectively. The corre-
sponding HOMO/LUMO values for dBr-tBu-DiKTa and TPE-
tBu-DiKTa are, respectively, -5.90/-2.84 eV and -5.47/-2.76 eV.
The trends in the electrochemical data match those predicted by
DEFT calculations. The HOMO value for dBr-tBu-DiKTa is sim-
ilar to that of the parent compound DiKTa (-5.93 eV) while the
LUMO value is cathodically shifted compared to DiKTa (-3.11
eV).[18] The profiles of the UV-visible absorption spectra of the
two compounds in toluene are similar with low energy bands (mo-
lar absorptivities, €, at 424 (11x10° M! cm™") and 445 nm (30x103
M ¢cm) for dBr-tBu-DiKTa and 439 (12x10° M! ¢cm™!) and
461 nm (23x10° M™! cm™!) for TPE-tBu-DiKTa (Figure 4b). The
similar € values for the low-energy short-range charge transfer
(SRCT) band are reflected in the similar TDA-DFT calculated os-
cillator strengths for to the Sp—S; transition (Figure 2). The ab-
sorption spectrum of dBr-tBu-DiKTa matches well that of the
parent compound DiKTa while the highly absorptive band at 346
nm (¢ = 39x10°> M! cm™!) in TPE-tBu-DiKTa is associated with
a locally excited transition on the TPE moiety.

Both compounds show a small degree of positive solvatochrom-
ism that is characteristic of a SRCT excited state associated with
MR-TADF compounds. The photoluminescence maxima (full-
width at half maximum), Apr, in toluene for dBr-tBu-DiKTa and
TPE-tBu-DiKTa are 466 nm (25 nm) and 490 nm (40 nm), re-
spectively (Figure 4b); the emission maximum for dBr-tBu-
DiKTa aligns well with that previously reported for this com-
pound in DCM[22] and is slightly red-shifted compared to
DiKTa (Apr =453 nm). The presence of the TPE groups result in
a stabilization of the emissive S; state, as predicted by TDA-DFT
calculations, and a turn-on of the AIE behavior (Figure 4c). In-
deed, there is a progressive red-shifting of the Ap;, with increasing
water content in THF:H>O mixtures up to 50%, this associated
with a decrease in emission intensity. There is then a change in
behavior for 50-70% water fraction in THF that is associated with
a blue-shift in Ap;. and a dramatic enhancement in emission inten-
sity. The emission intensity modestly decreases from 70-90% wa-
ter fraction in THF while the Api. remains largely unchanged. To
the best of our knowledge, this is the first demonstration of AIE
in a MR-TADF emitter. By contrast, there is no emission en-
hancement and a modest blue-shift of the emission maximum for
dBr-tBu-DiKTa with an increase in water content, which means
this compound does not show AIE.

For dBr-tBu-DiKTa, the 77 K prompt fluorescence spectrum
(ApL = 470 nm) in 2-MeTHF glass overlaps with the room-tem-
perature steady-state (SS) PL spectrum. This indicates there is es-
sentially no change in conformation of the compound across this
temperature range. The phosphorescence spectrum is red-shifted
at 520 nm, leading to a AEst of 0.25 eV, measured from the onset
of the prompt fluorescence and phosphorescence spectra, respec-
tively (Figure 5c). The prompt fluorescence spectrum of TPE-
tBu-DiKTa in 2MeTHF glass at 77 K is slightly blue-shifted (ApL
= 499 nm) compared to the room-temperature SS PL spectrum
(ApL = 504 nm). Surprisingly, we could not detect any phospho-
rescence in this compound in this medium.
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Figure 4. a). CV and DPV in DCM with with 0.1 M
["BusN]PF¢ for dBr-tBu-DiKTa and TPE-tBu-DiKTa; b) ab-
sorption and photoluminescence spectra in toluene (Aexc =
340 nm and 346 nm) for dBr-tBu-DiKTa and TPE-tBu-
DiKTa; c) PL spectra as a function of water content in
THF:H2O mixture (Aexc = 346 nm) for TPE-tBu-DiKTa; d)
changes in Ap. and PL intensity as a function of water frac-
tion in THF: H2O mixture; e), Photos of solutions ranging
from 100% THF to 90%H>O/THF.

We then investigated the PL behavior of dBr-tBu-DiKTa in the
solid state as doped thin films in mCP as the host matrix. As can
be noted in Figures 5a and b, like most of the reported MR-TADF
emitters, dBr-tBu-DiKTa is prone to aggregate. Indeed, upon in-
creasing the doping concentration from 1 to 10 wt%, a 13 nm red-
shift and broadening (FWHM increases by 15 nm) of the PL is
observed. In the 10 wt% doped thin films in mCP, the prompt
fluorescence spectrum and phosphorescence spectra are red-
shifted compared to those in the 77 K 2-MeTHF glass at 504 nm
and 529 nm, respectively. The corresponding AEst of 0.18 eV,
measured from the onset of the prompt fluorescence and phos-
phorescence spectra, respectively, is slightly smaller (Figure 5d).
The ®pr. under a N, atmosphere is 43%, which drops to 30% when
measured under air. The ®p. increased to 71% at 1 wt% doping.
By contrast, the ®p.. for a 10 wt% doped film of DiKTa in mCP
was 16%, which increased to 40% at 3.5 wt% doping; the corre-
sponding vacuum-deposited film at 3.5 wt% doping showed a ®pr.
of 75%. The time-resolved PL of a 1 wt% doped film decays with
multiexponential kinetics; a prompt fluorescence lifetime, t,,, of
6.5 ns, while delayed fluorescence is dominated by a long-lived
component. The average delayed emission lifetime, tq4, is 267 ps.
DiKTa shows a much shorter tq of 23 ps in a 3.5 wt% doped film.
For TPE-tBu-DiKTa in 10 wt% mCP, the prompt fluorescence
shows a Ap at 513 nm, which slightly blues-shifts to 507 nm at
room-temperature. Again, we did not detect any phosphorescence
at low temperature, while at room temperature the PL decays with
monoexponential kinetics with a lifetime of 5.1 ns. The ®p of a



1 wt% doped film in mCP under N is 31.0%, which decreased to
23.1% as a 10 wt% doped film, decreasing further to 18.3 and
14.7% as 50% doped films and neat films, respectively. Thus, the
AIE behavior observed in the THF:water mixtures is not repro-
duced in the thin film state, suggesting that the aggregate species
responsible for the AIE are not formed during the spin-coating
conditions used to fabricate the films.
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Figure 5. a). Steady-state PL spectra of 1 and 10 wt% dBr-
tBu-DiKTa doped films in mCP; b). Photos of actual films
illuminated by UV light (Aexc = 365 nm); ¢). Prompt fluores-
cence and phosphorescence spectra at 77 K in 2-MeTHF
glass and stead-state PL spectrum at room temperature in
2-MeTHF (Aexc = 343 nm) for dBr-tBu-DiKTa; d). Prompt
fluorescence and phosphorescence spectra at 77 K in 10
wt% doped film in mCP and stead-state PL spectrum at
room temperature in in 10 wt% doped film in MCP (Aexc =
343 nm) for for dBr-tBu-DiKTa.

5. Outlook

We have briefly reviewed the state-of-the-art of AIE-TADF com-
pounds and also TADF compounds bearing a heavy atom that can
aid in both intersystem crossing and reverse intersystem crossing
rates. We have reported preliminary photophysical characteriza-
tion of a two triangulene compound derivatives of the previously
reported MR-TADF emitter DiKTa. TPE-tBu-DiKTa does
show AIE behavior and DFT calculations are promising; how-
ever, unexpectedly, we cannot detect any delayed fluorescence
and the photoluminescence quantum yield of this compound is
not sensitive to oxygen. Optoelectronic characterization of dBr-
tBu-DiKTa reveals its potential, with a higher ®pr, a smaller
AEjst than the parent compound in mCP doped films. Current ef-
forts are underway to fabricate OLEDs with the latter compound
and to explore in more detail the photophysics of the former.
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