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Efficie le blue emitters for organic light-emitting diodes are urgently needed
for next-!eneration display and lighting applications. The discovery of thermally
activated Qd fluorescence (TADF) has revealed a new class of promising

candidate r pairing the iminodibenzyl donor with the triazine acceptor via a

phenylenSlinker, we employ dihedral angle tuning to regulate the difference between
the en# of singlet and triplet excited states. We observe enhanced reverse
intersystem crosging rates in response to increased methylation at the phenylene linker.
This behayi agrees with our density functional theory calculations.

Photolu ence quantum yields of up to 98% are achieved upon doping into a solid-
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state matrix. When incorporated in devices, the maximum external quantum efficiency

is 28.3% for the emitter with the most favorable trade-off between singlet-triplet

splitting fluorescent oscillator strength. This result highlights the general

applicabi ihedral angle tuning, a molecular design strategy that could be used to
H

improve the performance of donor-acceptor type TADF emitters without significantly

changing @ﬁssion spectra.

Orgam‘,—emitting diodes (OLEDs) are an established light source in the display
n

industry.!! tate-of-the-art products, red and green colors are generated using
phosphorescent ;'nitters, which enable internal quantum efficiencies (IQEs) of up to

100%.27! er, they rely on the use of expensive noble metals.!”! Moreover, blue

phosphorescent emitters degrade rapidly, which results in low operational lifetimes.”” As a

consequetm colors are currently being produced by fluorescent emitters. Those

emitte ¢ long been limited to internal quantum efficiencies of 25%, but can reach

interna m efficiencies of up to 62.5% by employing triplet fusion.!®”]

Thersally activated delayed fluorescence is a more efficient alternative to classical
fluorescenc it can exhibit IQEs up to 100%.* ') In devices, three quarters of excitons
are statist rmed in a triplet state, which are non-emissive in case of fluorescent

emitters.!' TADF molecules harness both singlet and triplet excitons by introducing

h

apprecime intersystem crossing (RISC) to convert non-emissive triplet excitons to

[13,14

emissive citons. ] By spatially separating the highest occupied molecular orbital

(HOMO) and lowgest unoccupied molecular orbital (LUMO), the exchange energy is lowered
and siv@plitﬁng (AEsr = Eg;-E7;) is reduced.™ As a consequence, the singlet state
becomes thermally accessible from the triplet state at room temperature. It has also been
revealed that the resulting RISC proceeds via vibronic coupling of the triplet charge transfer
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state (*CT) state with a triplet localized exciton state CLE), which in turn couples to the

[16-22]

singlet manifold."™ While many TADF molecules have been reported, widely

{

applicable ular design principles beyond trial-and-error approaches remain scarce.!*>

Recently, al.”?* and we'®” have shown that it is possible to enhance RISC in blue

]
fluorescengy molecules with carbazole donors by dihedral angle tuning (Figure la, b). The

dihedral aagle lpgtween donor and linker (0;) and the dihedral angle between linker and

G

acceptor an be tuned by attaching methyl groups to the phenylene linker.

S

Advantag is can be done without significantly changing emission wavelengths. As a

result, deep emitters with external quantum efficiencies slightly above 10% were

€

obtained. we report our latest efforts to test the general validity of the dihedral angle

q

tuning str applying it to a promising novel donor-linker-acceptor-type molecule. We

employedfm benzyl (IDB) as a donor and paired it with the common acceptor triazine

d

(TRZ) nylene linker. This facilitated gradual adjustment of the dihedral angle

between do d acceptor by changing the number of methyl groups on the phenylene

VY

linker.

A prhrotocol for N-arylation of iminodibenzyl using palladium catalysts was

recently r @ ** This method provides an entry point to synthesize targeted IDB-TRZ
compming those with high steric hindrance (Figure 1c). Four compounds, IDB-
TRZ- , -TRZ-Me (2), IDB-TRZ-Me; (3), IDB-TRZ-Mes (4) were selected.

Thermogﬂc analysis (TGA) confirms the high thermal stability for all four

compoun igure S1 for details). Compounds 1-4 represent different degrees of methyl
substityti the phenylene linker, which is anticipated to influence the dihedral angles
between the r, the linker, and the acceptor. This is confirmed by density functional

theory (DFT). The ground state geometry was optimized in the gas phase, followed by a
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single point calculation (for details, see experimental section). The calculated structures of

compounds 1-3 show a gradual increase of the dihedral angles between iminodibenzyl donor

and pheny inker (0;) from 71.8° for 1, to 76.4° for 2, and eventually 78.4° for 3, while

phenylen triazine acceptor are nearly coplanar for these three compounds with 6,
N . L

close to zso (Table 1). The addition of two methyl groups ortho to triazine in compound 4

results in Qnylene linker being almost orthogonal to both the iminodibenzyl donor

(0,=78.0°) 1azine acceptor (0,=79.2°).

The etmdonating strength of iminodibenzyl was estimated from DFT calculations,
which yielded a HIOMO energy of -4.95 eV, indicating it is a stronger donor than carbazole (-
5.44 eV) enylamine (-5.08 eV) but a weaker donor compared to 9,9-dimethyl-9,10-

dihydroacridine (-4.88 ¢V).1**! The lowest triplet energy level of the isolated iminodibenzyl

donor wa ted to be 3.18 eV. Then, to predict the AEsr and oscillator strength (f) of
compo -4, we also performed time-dependent density function theory (TDDFT). The
results ed in Table 1. With the least steric hindrance, compound 1 has a large oscillator

strength of 0.155 but its AEgr value of 138 meV is not small enough for strong TADF. For
compoun(%ddition of a methyl on the phenylene linker ortho to iminodibenzyl led to a
more twisture due to the increased steric hindrance. As a result, the AEsr is decreased
to 112 mefY, suggests enhanced TADF character for compound 2. In compound 3, the
AEgr 18 fuiher riuced to 94 meV by adding one more methyl at the other ortho position to

iminodibe;eanwhile, the f values of compounds 2 and 3 remain high at 0.118 and

cly, because of the flexible structure of the iminodibenzyl donor. The

reveals that the HOMO and LUMO are increasingly separated due to the dihedral angle

tuning. Please refer to Figures S2-6 for the isosurface plots of the molecular orbitals and
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natural transition orbital (NTO) analysis. Tables S1-2 show a full Mulliken population

analysis, revealing the percentage contribution of each component to HOMO and LUMO.

Compoun a near zero AEsr of 2 meV but a low oscillator strength as the triazine

acceptor ylene linker are almost orthogonal. Therefore, we expect it to be not as
 EE—

effective ! a TADF emitter compared to compound 3, which has a favorable combination of

relatively @sr and large f value.

The tate absorption spectra for the toluene solutions of compounds 1-4 are
shown in Figure 3a. Compounds 1-3 show a broad absorption peaking between 350 and 400
nm, correm to an intramolecular charge transfer (ICT) transition. In accordance with

our DFT ¢alculations, the intensity of the ICT absorption decreases with increasing dihedral

N

angle. Not absence of this ICT transition in compound 4 is attributed to the vanishing

a

oscillator as predicted by DFT. Photoluminescence (PL) spectra showed blue to sky-

blue e for all four compounds peaking between 450 and 480 nm (Figure 3b).

Comp s a hypsochromic shoulder, which we attribute to different conformers in

solution, since this shoulder becomes less pronounced when the compound is doped into a

I

solid stat (Figure S7). The decreasing Stokes shifts in compounds 1-4 indicates that

structural

O

s enhanced by the addition of methyl groups at the phenylene linker.

Timefresolved transient PL spectra and photoluminescence quantum yield (PLQY) data

a

were M using doped films of 20% emitter (compounds 1-4) in

bis(diphenylphosSphoryl)dibenzo[b,d]furan (PPF) (Figure 3cd). The time resolved transient

Ui

PL spectra sh two distinct trends. Firstly, the delayed lifetime monotonically decreases
with in number of methyl groups (Table 2); Secondly, the intensity of the delayed
emission is enhanced accordingly. The RISC rates were calculated using the transient PL and

PLQY data of compounds 1-4 according to Equation S4. The RISC rates of compounds 1-4
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5



are enhanced throughout the series. Since RISC rates are known to increase exponentially

with decreasing AEsy, this supports our design strategy by applying dihedral angle tuning to

reduce AE eover, the increased structural rigidity leads to an increase of PLQYs for
compoun 17% for 1, to 68% for 2, and ultimately 98% for 3. The PLQY of
 EE—

compounc!4 is considerably lower at 37%. This is consistent with a very small f value for
compounn@lculated by TDDFT, which indicates a slow S;=>S, transition, competing
less successfully with nonradiative decay pathways. Overall, the appreciable RISC rate of
6.4-10" amLQY of 98% for compound 3 suggests that it should be the best TADF
emitter a@mpounds 1-4. We confirmed that both prompt and delayed emission

originates 1, as evidenced by the spectra shown in Figure S8. To experimentally

confirm ) recorded fluorescence and phosphorescence spectra of compounds 1-4

doped in ed films of poly(methylmethacrylate) (PMMA) at low temperature (15K),

shown S9. The extracted AEgr values show very good agreement with TDDFT

(Table 1

In 0r§er to verify that these trends also translate into devices, we fabricated OLEDs with
ev

identical

structures. We employed the layer stack indium tin oxide (ITO) (100 nm) /
N,N’—Di(1@1)—N,N'—diphenyl—(1,1'—biphenyl)—4,4'—diamine (NPB) (50 nm) / 1,3-Bis(N-
carbazolybenzene (mCP) (10 nm) / 20% Emitter (compounds 1-4) in 2,8-
Bis(diphewlgho’)horyl)dibenzo[b,d]furan (PPF) (30 nm) / 1,3,5-Tri(m-pyridin-3-

ylphenyl)5&A#éaRg! (TmPyPb) (30 nm) / Lithium Fluoride (LiF) (1 nm) / Aluminum (Al) (100

External quantum efficiencies (EQEs) as a function of current density for
are plotted in Figure 4a. Compounds 1-3 exhibit maximum EQEs of 6.8%,
12.3%, and 28.3%, respectively. This constitutes a fourfold improvement upon dihedral angle
tuning by adding methyl groups on the phenylene linker. Besides dihedral angle tuning, we
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also attribute the enhancement of EQE to increased structural rigidity as a result of

methylation at the phenylene linker, which should reduce the loss pathways of nonradiative

)

decay. It is ﬁorthy that compound 3 still shows a very high EQE of 14.7% at 1000 cd/m?.

Compoun ws a respectable maximum EQE of 16.4% despite its low PLQY, which

is likel; _highly efficient RISC with a rate of 1.2-10° almost 20 times larger than that
of compo n addition, other underlying mechanisms, such as the optical microcavity
effect!™ (Q)rizontal orientation of transition dipole moments®” of compound 4 in the
OLED deW y also play a role. The electroluminescent (EL) spectra of compounds 1-4
are similar to r PL spectra with peaks between 484 and 496 nm (see Figure 4b). The

electrical s of the device were not significantly altered by different emitters (see
Figure 4c current efficiency and power efficiency at different luminance levels can

be found S3. For all four compounds, the shapes of the electroluminescence spectra
do not i change when the current density is varied (Figures S11-14).
I ary, we have demonstrated that iminodibenzyl can be employed as a strong

donor together with a triazine acceptor to realize highly efficient TADF emitters. We applied

the molechgn strategy of dihedral angle tuning, which reduced AEsy and led to a faster

©

rate of RI strategy is aided by theoretical predictions and verified by time-resolved
spectrosc PLQY measurements. Employing the IDB-TRZ molecules in OLEDs
yields increase in EQEs upon methyl addition at the phenylene linker with a
maximu 28% for compound 3, the highest value achieved by the dihedral angle
tuning st d among the highest values reported to date for sky-blue emitters in

OLED nticipate that this molecular design strategy based on dihedral angle tuning
should be readily*applicable to other systems to improve device efficiencies.

This article is protected by copyright. All rights reserved.
7



Experimental section

DFT: Wputations were carried out using the Q-Chem 4.4 software package.*"

The gas-pd state geometry optimizations were performed using the B3LYP

exchange-corre ation functional® in the 6-31G* basis set.””) Then TDDFT was adopted at
]

the same IMSﬁmate the excitation energies in toluene by using the polarizable

continuun@PCM).m] We used a dielectric constant of 2.38 and 302 PCM grid points.

We used aWtegration grid (99,590) for the geometry optimizations. Please see SI for

more details:

Synthesis:\uthetic protocols for compounds 1-4 followed the general methods
develope Buchwald, et al.*® The syntheses of TRZ-Br and its methyl derivatives were
done acco literature procedure.l*”! The N-arylation of iminodibenzyl was conducted
using 1.1 mnts of lithium bis(trimethylsilyl)amide (LiHMDS) and 1 mol% Pd-
RuPho§mp0unds 1-3 or 2 mol% Pd-RuPhos-G4 for compound 4. The synthesis
of com hown here as an example. Please see SI for details about synthesis,
characterifciLnand NMR spectra of compounds 1-4. Preparation of compound 1: In a
nitrogen-fil ovebox, lithium bis(trimethylsilyl)amide (LiHMDS, 129 mg, 0.147 mmol,
1.1 equiv.bded to a reaction tube (Fisherbrand™ Disposable Borosilicate Glass Tubes
with T@d, from Fisher Scientific, Catalog No. 14-959-37C) equipped with a stir bar
and theMith a screw cap (Kimble™ Black Phenolic Unlined Screw Thread Closures
with Open@om Fisher Scientific, Catalog No. 03-340-7G) with a septa (from Fisher
Scientific, Cat. No. 03-394B). The reaction tube was removed from the glovebox.

Imino 137 mg, 0.70 mmol, 1.0 equiv.), Pd-RuPhos-G4 (6.0 mg, 0.007 mmol, 1.0
mol%), and TRZ-Br (272 mg, 0.70 mmol, 1.0 equiv.) were weighed out on bench-top and

added to the reaction tube. The reaction tube was recapped with the septum and then was

This article is protected by copyright. All rights reserved.
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alternately evacuated and refilled with argon (this process was repeated a total of three
times). To the reaction mixture was added 1,4-dioxane (2.0 mL) via syringe under an argon
atmosphere mixture was stirred while the reaction vessel was heated in an oil bath at
100 °C foa allowing to cool to room temperature, the mixture was subjected to a
kinetic Eu@dilution with CH,Cl; (5.0 mL) and filtered through a short plug of silica
gel to remgye thginsoluble solids. The filtrate was concentrated in vacuo with the aid of a
rotary evamo provide the crude product. This material was purified via flash
chromato silica gel (using a gradient elution 100% hexanes to 25% CH,Cl, in
hexanes), follo by trituration using hexanes to yield compound 1 as an off-white solid

(305 mg, Yigld: 87%).

Device Fabrication: Detailed description of device fabrication can be found in our previous

publicatiofh®
Measurem bsorption spectra were measured from solution in toluene (2M) in a UV—
vis—N otometer (Cary 5000, Agilent). Emission spectra were measured from the

same solug' n using a spectrometer (SP2300, Princeton Instruments) with a 340-nm-emitting
LED as ewl\ source (LED, M340L4, Thorlabs). For a detailed description of PLQY

measurem e-resolved PL measurements and device measurements, please refer to our

previous Sblication.[35 ]

=
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Figureﬁhysical properties of compounds 1-4. (a) Normalized absorption spectra.

(b) Photoluminescence (PL) spectra. (¢) Time-resolved transient PL: Prompt component.

(d) Time-h transient PL: Delayed component.
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Compound 0: [°] 0, [°] E(S)) (eV) E(T)) (eV) AEgr (meV) f

0.3 2.58 2.44 138%/182° 0.155
0.6 2.61 2.50 112%/93° 0.118
0.7 2.65 2.56 94%/77° 0.093

4 *78.0 79.2 2.69 2.69 2°/0° 0.000

Table I:hties of compounds 1-4 as predicted from density functional theory
(DFT). 0, #"the"@ihedral angle between iminodibenzyl donor and phenylene linker. 8, is the dihedral
angle bet ylene linker and triazine acceptor. E(S)) is the energy of the first excited

singlet state is the energy level of the first excited triplet state. AEgsy is the singlet-triplet gap: a)
DFT b) experimenti Figure S8). fis the oscillator strength.

-

Dp (%) | 1o () | Ta(s) | krusc (10°s7) | EQE (%) | Aer (nm) | CIE (x.y)
17 7 66 1.7 6.8%/1.8 487 |0.18,0.25
68 17 39 43 12.3%5.3 496 |0.22,0.39
98 18 28 6.4 28.3242° | 496 | 021,044
37 22 6 120 16.4/14.4° | 484 |0.20,0.30

Table 2: Photophysical and device properties of compounds 1-4. A, is the wavelength of
maximum ghotoluminescence intensity. ®p; is the photoluminescence quantum yield (PLQY). 1, is
the prompt i 74 18 the delayed lifetime. kgjsc is the reverse intersystem crossing rate. EQE is the
external quapmcfficiency (EQE) from device measurements: a) maximum EQE; b) EQE at 100

cd/m” lumi @ L is the wavelength of maximum electroluminescence intensity, CIE denotes the
CIE (Comnugsig@finternationale de 1'éclairage) coordinates in the CIE 1931 color space chromaticity
diagram
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A series of blue thermally activated delayed fluorescence (TADF) based emitters for organic light-
emitting diodes (OLEDs) is presented. By pairing the novel iminodibenzyl donor with the triazine
acceptohylene linker and subsequent tuning of the dihedral angle to the optimal value,
avery higmantum efficiency of 28.3% is achieved. The intricate trade-off between

singlet-%p@ng and fluorescent oscillator strength is explored. The result is a widely

applicable Ele:!ar design strategy, that can enhance the performance of existing TADF emitters

without im

)

eir emission spectra.
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