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Abstract: 10H-Dibenzo|[b,e][1,4]thiaborinine 5,5-dioxide (SO2B)—a high triplet (T, =3.05 eV) strongly electron—accept—\
ing boracycle was successfully utilised in thermally activated delayed fluorescence (TADF) emitters PXZ-Dipp-SO2B
and CZ-Dipp-SO2B. We demonstrate the near-complete separation of highest occupied and lowest unoccupied
molecular orbitals leading to a low oscillator strength of the S;—S, CT transition, resulting in very long ca. 83 ns and
400 ns prompt fluorescence lifetimes for CZ-Dipp-SO2B and PXZ-Dipp-SO2B, respectively, but retaining near unity
photoluminescence quantum yield. OLEDs using CZ-Dipp-SO2B as the luminescent dopant display high external
quantum efficiency (EQE) of 23.3% and maximum luminance of 18600 cdm™
brightness. For CZ-Dipp-SO2B, reverse intersystem crossing (rISC) is mediated through the vibronic coupling of two
charge transfer (CT) states, without involving the triplet local excited state (°LE), resulting in remarkable rISC rate
invariance to environmental polarity and polarisability whilst giving high organic light-emitting diode (OLED) efficiency.

\This new form of rISC allows stable OLED performance to be achieved in different host environments. )

* with low efficiency roll off at high

Introduction

Organic Light-Emitting Diodes (OLEDs) have been a
subject of intensive studies over the past two decades. They
are currently widespread in consumer electronics as part of
high-end luminescent displays.'*! OLEDs are characterized
by high luminous efficiency and low energy consumption
while displaying features important from the point of
potential applications: a broad range of colours, wide view-
ing angles, sunlight-readability, high contrast, and attractive
mechanical properties, such as flexibility.>* The physical
processes underpinning charge recombination in OLEDs
lead to a spin statistical 25:75 ratio between singlet and
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triplet excitons in the emissive layer."®”! Since three out of
every four excited states created in hole-electron recombina-
tion are triplets it is fundamental for device efficiency to use
emitters able to effectively generate light from these
normally dark states. The most prominent examples of such
emitters are phosphorescent Pt and Ir"™ metal complexes™”!
and thermally activated delayed fluorescence (TADF)
emitters."*"! TADF has been known for over 90 years!'*'
but attracted a noteworthy interest only in the past decade.
Emerging interest in the use of TADF in OLEDs was
motivated by the works of Adachil®*'l and other
researchers 1) demonstrating performances competitive
to those of the more conventional phosphorescent dopants.
TADF emitters do not require heavy metals in the structure,
and therefore are a low-cost alternative to Pt" and Ir™ based
phosphorescent complexes.

In a typical design of a TADF luminophore one aims to
achieve spatial separation between highest occupied and
lowest unoccupied molecular orbitals (HOMO and LUMO),
to reduce the electron exchange energy, and thus to
minimise the singlet-triplet energy gap (AEsr).”**?! Small
AEgy values, typically <0.2 eV, allow thermal up-conversion
of triplet to singlet states via reverse intersystem crossing
(rISC). When the singlet and triplet states involved (most
frequently charge transfer states) become effectively degen-
erate and electron exchange energy becomes negligible, but
the spin orbit coupling between them approaches zero and
the interconversion, rISC, between them becomes forbidden
as orbital angular momentum cannot change during the
transition.”?  However, it has been shown both
theoretically®™?! and experimentally,”?" that a second
energetically close triplet state, such as a local triplet state of
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donor (D) or acceptor (A), can mediate second order
vibronic coupling (SOC), giving rise to fast, allowed ISC and
rISC. However, decoupling HOMO and LUMO also
reduces the oscillator strength of the S,—S, transition,
leading to weak or non-luminescent behaviour if non-
radiative processes are comparably fast. Recent new strat-
egies have led to an increase of the HOMO-LUMO spatial
overlap without detrimentally effecting the AEgy, ie. via
using  multiple  donor/acceptor  moieties®*!  or
homoconjugation,®” often demonstrating increased S;—$,
transition oscillator strength. However, it remains challeng-
ing to develop systems with AE¢—0 which maintain highly-
efficient luminescence despite a near-forbidden S,—S,
transition.

The most common way to achieve HOMO-LUMO
decoupling is through a charge transfer (CT) excited state.
Diaryl sulfones are highly popular among various organic
acceptors used as key building blocks in TADF
emitters.'%!7273181 Gjonificant advantage of the sulfonyl
group comes from its tetrahedral geometry which reduces n-
conjugation leading to a high singlet and triplet excited state
energy desirable in blue emitters.” Sulfones exhibit very
high thermal stability which is advantageous for OLED
applications.*! Similarly, electron-deficient three-coordinate
organoboron compounds with an empty 2p orbital on the
boron atom are strongly desired as building blocks of
acceptors used in TADF emitters. Organoboron TADF
emitters have demonstrated high efficiency when used in
OLEDs as emitters: up to 100 % internal quantum efficiency
(IQE) or 20-30 % external quantum efficiency (EQE) with-
out out-coupling enhancements. !

Here we present a new acceptor with high triplet energy
(T,=3.05 eV) which combines the electron deficient charac-
ter of a boron atom with an electron-withdrawing sulfone
group within a central heterocylic ring of dibenzo[b,e]-
[1,4]thiaborinine 5,5-dioxide (SO2B). Although there exist
examples of triarylboranes constituting electron deficient
sulfone,™ sulfoxide™! or cationic methylsulfonium!*
groups, our SO2B acceptor is functionally and structurally
different from them and features the sulfone and triarylbor-
ane units in the same heterocycle. The structural design is

@ 1. i-PrMgCI-LiCl, MCPEA
THF, -20°C DCM, 0 c—m
Br 2. SOCIZ ,,\\
Br -20°C >
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complemented with conventional donors such as phenox-
azine (PXZ) and carbazole (CZ) separated from the
boracyclic moiety by a phenylene n-spacer with two attached
bulky isopropyl groups (Dipp). The molecules are found to
have near-zero AEg; and simultaneously display extremely
long-lived emissive singlet charge transfer ('CT) states,
indicative of a very high degree of HOMO-LUMO
electronic decoupling. We demonstrate that this is due to
the strongly electron-acceptor property of the SO2B unit
and the spatially locked Dipp spacer. This configuration also
effectively prevents non-radiative decay, yielding high
photoluminescence quantum yield, and excellent TADF
performance. Our new strategy overcomes the usual trade-
off between small AEg; and fast radiative decay from the S;
state, hence yielding high photoluminescence quantum yield
(PLQY, @) in TADF systems.”™” But, at the same time
whilst still using the conventional donor-n-spacer-acceptor
(D-1-A) design,*”! and we also achieve host environment
stability never before reported, because of the states
involved in rISC.

Results and Discussion

The synthesis of 10-hydroxy-10H-dibenzo[b,e]-
[1,4]thiaborinine  5,5-dioxide 3 started from di(2-
bromophenyl)sulfoxide 1, which was obtained from 1,2-
dibromobenzene (Figure 1a).*¥! The resultant sulfoxide was
oxidized to sulfone 2 which was further subjected to double
Br-Li exchange followed by transmetallation with ClL,BN(i-
Pr),, giving rise to heterocyclic borinic acid 3 isolated as a
white solid after aqueous workup. Compound 3 is stable
under ambient conditions. X-ray diffraction indicates that
molecular structure of 3 strongly deviates from planarity
(Figure 1b).%) The "B NMR analysis shows that 3 coor-
dinates solvent molecule in DMSO-d, solution {5("'B)=
6.5 ppm}. As a next step 3 was converted to a 10-chloro
derivative 4. According to single crystal X-ray diffraction
analysis, 4 exists as a centrosymmetric dimer through
formation of S=O—B dative bonds (Figure 1¢)."*! 'H NMR
analysis indicates that the dimeric structure is preserved in

1. 2x n-BulLi, :
THF, -78 °C @[ j@
2. CL,BN(i-Pr),
78°C 1t i "‘\
3. MeOH, 5 3: X =0H (60%);
HCI/HO, it o
BCl3, hexane ©
4: X = CI (80%)
1 MeOH, DCM

5: X = OMe (99%)

PXZ-Dipp-SO2B: R = ©: D
//\\

Li
n-Bulli,
THF, Et,0
-78°C

R

Figure 1. (a) Synthesis of Dipp-SO2B, PXZ-Dipp-SO2B and CZ-Dipp-SO2B. Molecular structures of (b) 3 and (c) 4 determined by single-crystal X-
ray diffraction (ellipsoids drawn at the 50% probability level, H-atoms are omitted for clarity).
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CDCI; and C¢Dg solutions whilst in the presence of Et,O or
THF it equilibrates with monomeric form with solvent
molecule coordinated to the boron centre (Figures S9.12—
9.18 in the Supporting Information). The reactivity of such
species proved to be strongly limited due to tetrahedral
environment around the boron atom. Thus, 4 was converted
to a 10-methoxy derivative 5. Our attempts to directly
converting 2 or 3 into 5 have not been successful (details in
the Supporting Information, Section 8). Theoretical calcula-
tions suggest that the monomeric form of 5§ should be
preferred in solution although 'H, "B and “C NMR
spectroscopy data point at a likely equilibrium between
dimeric and monomeric forms in CDCl; and THF-dg
solutions. Nevertheless, the monomeric form dominates in
solution which results in a higher reactivity of 5 towards
nucleophiles than that of 4, despite lower Lewis acidity of
the former. Final compounds Dipp-SO2B, PXZ-Dipp-SO2B
and CZ-Dipp-SO2B were obtained from 5 and aryl
bromides 6-8 after Br-Li exchange with n-BuLi. Obtained
products show good chemical stability and are stable under
ambient conditions. They also exhibit high thermal stability
from the standpoint of OLED fabrication. Thermogravimet-
ric analysis (TGA) revealed that their decomposition
temperatures T, (corresponding to 5% weight loss) are 280
and 300°C for PXZ-Dipp-SO2B and CZ-Dipp-SO2B,
respectively (Figures S5.2 and S5.3, Supporting Informa-

(c)

HOMO
-5.054 eV

(b)

HOMO
-5.693 eV
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tion). The 'H NMR spectra recorded before and after
irradiation with a 365 nm, 26 W LED strip light for 1h
(Figures S5.4 and S5.5, Supporting Information) are identi-
cal indicating high photostability. The crystal structures of
PXZ-Dipp-SO2B and CZ-Dipp-SO2B were determined by
X-ray diffraction (Figure 2).*) We find that the phenylene
spacer is near orthogonal to the mean plane of the
boracyclic acceptor (SO2B) fragment in both of the
presented structures. The crystallographic data point to a
highly restricted mutual rotation between the SO2B and
Dipp units and some degree of conformational freedom in
other parts of the molecules. The 'H diffusion-ordered
spectroscopy nuclear magnetic resonance (DOSY 'H NMR)
analysis performed for CZ-Dipp-SO2B indicates that it
exists as the monomer in CDCIl; solution, in contrast with
varying tendency to aggregation observed for precursors.
This results from the steric hindrance at the boron atom
provided by two isopropyl groups.

We used density functional theory (DFT) and time-
dependant density functional theory (TD-DFT) calculations
performed at the B3LYP/6-311 + + G(d,p) level of theory to
support the experimental findings. Our calculations con-
firmed a very strong electron-accepting capability of the
SO2B core with its LUMO energy slightly below —3.0 eV.
This ranks SO2B among one of the strongest organoboron
acceptors currently known to be used in TADF lumino-

(e) AE/eV
3.00
290,
ZZ2°LE,(SO2B)
287,y
282,
2.75
ﬂ3L1~:2(P><Z)
2.50
242,
LUMO €T 2381
-3.045 eV :
N aE/ev
3.05 ..
3.00
&BLE3(502B)
277,
2.75 T
._SCTZ
261,
S2SCTL 289500
‘ 2.50
3
LUMO
-3.014 eV

Figure 2. Molecular structures of (a) PXZ-Dipp-SO2B and (b) CZ-Dipp-SO2B determined from single-crystal X-ray diffraction (ellipsoids drawn at
the 50% probability level, H-atoms are omitted for clarity).*” (c,d) Frontier molecular orbital contours. Excited state energy diagrams for (e) PXZ-

Dipp-SO2B and (f) CZ-Dipp-SO2B.
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phores (Figure S6.1 in the Supporting Information). This is
also reflected in the experimental LUMO energy of ca.
—3.5 eV obtained from cyclic voltammetry. At this point we
note that the SO2B acceptor is so strong that it forms a CT
state even with the very weak Dipp donor. A similar
phenomenon has been observed previously with another
very strong organoboron acceptor: 9,10-dimesityl-9,10-dihy-
dro-9,10-diboraanthracene.’™! In PXZ-Dipp-SO2B and
CZ-Dipp-SO2B, separation of HOMO and LUMO between

——CZ-Dipp-SO2B | 1 o
—— PXZ-Dipp-SO2B

MCH [ 1.0

/108 M cm™
Normalised PL

x29

500 600 700 800 900
Wavelength / nm

300 400

CZ-Dipp-SO2B ——MCH }12

80

60 4

401

/108 M cm™
Normalised PL

20

300 400 500 600 700 800 900
Wavelength / nm

Figure 3. Steady state absorption and photoluminescence spectra:
(top) CZ-Dipp-SO2B and PXZ-Dipp-SO2B in dilute MCH solution;
(bottom) CZ-Dipp-SO2B in solvents of various polarity indicated in
figure legend. Note that for photoluminescence spectrum of CZ-Dipp-
SO2B in MeCN only the CT band is shown. A, =355 nm.
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the donor and acceptor units (Figure 2) clearly points at a
strong CT character of the resultant excited state. This, in
turn, results in a very small 'CT-*CT AEq for PXZ-Dipp-
SO2B and CZ-Dipp-SO2B, below 0.1 eV, respectively. A
larger AEg; value is found for Dipp-SO2B, at about 0.34 eV
(Figure S6.4 and Table S6.1 in the Supporting Information).

We have investigated the photoluminescent behaviour of
Dipp-SO2B, CZ-Dipp-SO2B and PXZ-Dipp-SO2B to give
an insight into their delayed fluorescence characteristics and
the mechanisms underpinning their observed luminescence
behaviour. Key photophysical characteristics are presented
in Figures 3 and 6 and Table 1, while supplementary data
are presented in the Supporting Information, Figures S3.1-
S3.12. First, we note that all three molecules show a
pronounced positive fluorescence solvatochromism, whilst
small solvatochromic shifts are also observable in the weak
(e<1000 M 'cm™) long wavelength absorption bands in
each case (see Figure 3 and Figure S3.3 in the Supporting
Information). These charge-transfer bands display a positive
solvatochromic shift of their onsets, but a clear negative shift
of band maxima—a phenomenon worthy of a further
investigation in the future. CZ-Dipp-SO2B shows the most
striking solvatochromic shift (230 nm or 7120 cm™'), compa-
rable to if not larger than that of the strongest solvatochro-
mic dyes.”>! This we believe arises through both near
perfect orthogonality of D and A plus the increased spatial
separation of the electron and hole across the phenyl ring
spacer unit, yielding near perfect complete one electron
transfer in the CT state. Its photoluminescence colour varies
from blue in methylcyclohexane (MCH), A.,=465nm,
through green in toluene, A.,, =520 nm, to red in dichloro-
methane (DCM), A, =615 nm, with a further shift towards
near infrared (NIR) in acetonitrile (MeCN), A, =695 nm
(see Figure3 bottom). The above findings demonstrate a
strong CT character to the S, state in all three molecules and
suggest a very small oscillator strength of the Sy—§,
transition, in agreement with calculations. Properties of CT
emitters recorded in low polarity solvents and matrices are
often more relevant for OLEDs, therefore we decide to

Table 1: Key photophysical characteristics of PXZ-Dipp-SO2B and CZ-Dipp-SO2B at RT.

Solvent/matrix ~ A,p,/nm Aem/nMP!
[€/10° M Tecm ™
CZ-Dipp-SO2B  MCH 417[0.8],342[6], 465
293 [37), 238 [74]
Zeonex - 474

PXZ-Dipp-SO2B  MCH 4751[0.1], 338sh [8], 560
300 [20], 258 [17],
240 [80]

Zeonex - 575

@y (I’DF/(DPF[d] Toe/Ns® TTADF/HSM kS kasc/
10°s7'8 10t s
1.00 0.26 83 4.0 9.6 6.5
1.00 0.28 82 (68 %); 3.8 (98%); 100 6.9
27 (32%) 8.1 (2%)
T, =750 T, =4.00
0.75 0.14 394 5.6 1.7 1.8
0.93 0.15 223 (62%); 125 1.70 1.1
636 (38%)
T,, = 486"

[a] UV/Vis absorption maxima and extinction coefficients, sh=shoulder; [b] steady state PL maxima; [c] Total photoluminescence quantum yield
(®p) in degassed solution or under N, in film; [d] Ratio of photoluminescence quantum yield of delayed fluorescence (®y) to prompt
fluorescence (Dp); [e] Radiative decay lifetime of prompt fluorescence; [f] Radiative decay lifetime of TADF; [g] Radiative decay rate of the S, state,
kS = ®p/Tpr; [h] Obtained as previously reported.®” All values determined at room temperature; [i] Average lifetime T,,= (AT, +A,1,7) / (AT, +

A,1,) ; [j] Based on average lifetime values.
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focus our studies on MCH solutions and Zeonex films.P**”
Dipp-SO2B due to its large AEsr does not give DF at room
temperature, therefore, in this work we focus on the other
two compounds. We note that CZ-Dipp-SO2B and PXZ-
Dipp-SO2B demonstrate unusually long-lived prompt
fluorescence decay lifetimes in MCH, 1,:=83 ns and tpp=
394 ns, respectively. We record a high ®p =1.0 and 0.75 in
MCH solution and ®p =1.0 and 0.93 in Zeonex films,
respectively for CZ-Dipp-SO2B and PXZ-Dipp-SO2B.
These long fluorescence lifetimes correspond to S;—S,
radiative rates k,° 9.6x10°s™! and 1.7x10°s™!, respectively
for CZ-Dipp-SO2B and PXZ-Dipp-SO2B. As the ®p ~1,
we can calculate the ratio of prompt to delayed fluorescence
contributions from the area under each decay component
(Table 1). In MCH this gives prompt emission yields of 0.79
and 0.66 respectively for CZ-Dipp-SO2B and PXZ-Dipp-
SO2B.

In order to correlate the long photoluminescence life-
times with the properties of the Sy—S; transition, we
estimated the k,° values from steady state absorption and
fluorescence spectra using the Strickler and Berg method.”™
The estimates, 6.6x10°s™" (oscillator strength f=0.015) and
1.4x10°s™" (f=0.004), respectively for CZ-Dipp-SO2B and
PXZ-Dipp-SO2B, are in excellent agreement with experi-
ment, confirming that the observed long-lived emission is
consistent with prompt fluorescence from the S,. These
findings identify three fundamental conditions that are met
simultaneously in these new emitters to explain the observed
luminescent behaviour: (1) oscillator strength of the S;—S,
transition is very low, indicative of highly decoupled HOMO
and LUMO, giving very long radiative lifetimes; (2) highly
restricted molecular motion of the Dipp-SO2B moiety
resulting from the steric effect of the two isopropyl groups
in the Dipp linker is contributing to very slow rates of non-
radiative decay, ensuring high PLQY; (3) intersystem cross-
ing rates to T, are extremely low, resulting in a small triplet
formation yield (under optical excitation) again ensuring
high prompt PLQY- this aspect will be discussed later in
more detail. The structural conditions required for these
properties have been confirmed with computational and X-
ray diffraction studies discussed above. Previous accounts of
a similar long prompt fluorescence behaviour have been
demonstrated independently in different CT TADF systems
with reports of ~100ns® and =400 ns®! decay lifetimes,
the former in a structurally-related emitter with a boron-
based acceptor and Dipp n-linker. We will discuss these
accounts together with delayed fluorescent properties of
CZ-Dipp-SO2B and PXZ-Dipp-SO2B.

Another repercussion of the very small electron ex-
change energy in these new materials is the near forbidden
nature of ISC, as first pointed out by Lim et al.”? Hence, in
the optical measurements the rate of triplet production will
be very slow and result in low triplet populations. To
achieve any meaningful ISC rate the ISC mechanism itself
needs to be enhanced by vibronic coupling. This is more
likely in CZ-Dipp-SO2B were the first two singlet states are
some 160 meV apart, whereas in PXZ-Dipp-SO2B they are
more than 400 meV apart.

Angew. Chem. Int. Ed. 2023, 62, €202217530 (5 of 10)
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As well as these unusual findings presented above, CZ-
Dipp-SO2B and PXZ-Dipp-SO2B display a typical behav-
iour of strong TADF luminophores. We observe a weak,
short-lived blue emission from upper-lying singlet states that
is usual for molecules with strongly electronically decoupled
HOMO and LUMO.""®! We hypothesise the state decays in
competition with (relatively) slow electron transfer because
of the highly decoupled D and A (Figures 4 and 5).1) From
the time-resolved decay spectra, Figure 4, we see that the
energy of the fast decay feature is dependent on the donor,
hence we assume it is emission from an initially excited D
unit in each case. TADF lifetimes recorded in MCH are
4.0 ps and 5.6 ps, for CZ-Dipp-SO2B and PXZ-Dipp-SO2B,
respectively.

We used Zeonex films for temperature-dependent meas-
urements where it is easier to study photophysical properties
in a broad (80-300 K) range of temperatures (Figure 5). The
behaviour in Zeonex is in general identical to that in MCH
at room temperature, with prompt and delayed fluorescence
lifetimes and overall decay traces being similar (Table 1,
Figure 6 top). We identified the TADF component based on
its typical temperature-dependent behaviour (Figure 6 bot-
tom) and linear dependence of luminescence intensity on
excitation dose (Figure $3.7).”! Contrary to what would
normally be expected with a stronger donor, PXZ-Dipp-
SO2B displays a longer TADF lifetime than CZ-Dipp-SO2B
both in Zeonex and MCH. This phenomenon can be

CZ-Dipp-SO2B
ImecH

— 05ns
— 265 ns

-
o

o @ o9
P o @
) ) )
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Figure 4. Time-resolved photoluminescence spectra of CZ-Dipp-SO2B
and PXZ-Dipp-SO2B in degassed dilute MCH solutions at RT.
Mexe =355 nm.
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Figure 5. Time-resolved photoluminescence spectra of CZ-Dipp-SO2B
and PXZ-Dipp-SO2B in dilute Zeonex films at RT. A, =355 nm.

10°

PF
o 1@ o 10°4 ®
2 1074 2
3 : 3 !
§ _3’ TADF § 1024
€ 107 4 €
=] 5 b
S ! S .,
2 1054 cz-Dipp-s02B S 10”1 pxz.pipp-so28
& ja MCH & JsMcH 1
107 Fo 28000, e 100 12000
100p 10n 1u 100p 100p 10n 14 100p
Time delay /' s Time delay / s
1 1
10 CZ-Dipp-SO2B 10 PXZ-Dipp-SO2B
° 1 ° 1@
2 1074 2 1074
8 8
8 - % 1
£ 10° £ 10°
[ ! S !
3 1 -
2104 2 10°4 = 293K
. & Jes0K
7 S L S ¥

100p 10n  1p 100y 10m
Time delay /' s

100p 10n  1p 100y 10m
Time delay / s
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Aexe =355 nm.
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explained by the smaller k,° and slower ISC/rISC due to less
favourable SOC pathways in PXZ-Dipp-S02B.**%! More-
over, PXZ-Dipp-SO2B in Zeonex displays a third, weak
long-lived component on the timescale extending beyond
100 ps at room temperature (Figure S3.1). We note that this
component is too weak to be resolved in the decay traces.
This new component, also present at lower temperatures,
displays characteristics typical of phosphorescence from a
local excited triplet state of the acceptor "LE,) moiety.

Temperature-dependent  photoluminescence  decays
measured in dilute Zeonex films (Figure 6 bottom) reveal a
typical picture of TADF emitters with the delayed
fluorescence decay time increasing as the temperature
decreases. We observed that delayed fluorescence persists
even at 80 K and the phosphorescence spectrum cannot be
identified with confidence, a feature in common with other
TADF systems showing extremely narrow AFEg.[**! For
CZ-Dipp-SO2B we observed no change in emission onset at
room temperature, 80 K or 20 K between 500 ns and 2 ms
delay (Figure S3.6). Furthermore, no obvious local phos-
phorescence emission is observed for CZ-Dipp-SO2B. This
is though completely in-line with our calculations that show
the two lowest energy triplet states are of CT character, and
the lowest local triplet state is 300 meV above the lowest CT
triplet state (Figure2). Thus, we would not expect to
observe any local character phosphorescence. From these
observations it is clear that in the case of CZ-Dipp-SO2B
the second order vibronic coupling SOC cannot be effi-
ciently mediated by the lowest energy °LE triplet state,
energetically it is too far away from the *CT states to give a
high rISC rate. However, the second lowest triplet state,
*CT,, also a CT state but very close in energy to *CTy, is ca.
130 meV above so that the *CT, acts as the mediator in this
case. Calculations show (see Figure?2, Figure S6.8 and
Table S6.1 in Supporting Information) that *CT, has a
different orbital character to *CT, allowing efficient SOC to
'CT,, thus the SOC matrix element <'CT,|Hgo |*CT,> #0.
In this case, as polarity increases, all the CT states relax by
about the same energy, such that the relative energy gaps
between each state do not change. rISC rate in this case is
then effectively independent of environment, an extremely
important new property for stable device application. The
'CT state in our molecules has a very long radiative lifetime,
but @p ~1, implying negligible non-radiative decay from
internal conversion. Thus, with the degenerate *CT state
being the lowest energy triplet state then it also must have
negligible non-radiative decay. Therefore, the lowest triplet
state *CT will be very effectively decoupled from the singlet
ground state allowing these states to be efficient reservoirs
of triplet states with little non-radiative lose./® Whereas, for
PXZ-Dipp-SO2B, °CT, is energetically significantly above
3CT, such that °LE, is below it and should be the mediator
state. In this case we expect a slow rISC due to the large
*LE,-’CT, energy gap of 320 meV. As polarity increases the
'CT,-’CT, relax and move even further away from the °LE,
leading to significantly lower rISC efficiency. The effect of
this behaviour directly affects device performance as we
demonstrate below.
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Returning to the subject of long prompt fluorescence
lifetimes in CZ-Dipp-SO2B and PXZ-Dipp-SO2B and their
vital importance for description of TADF systems. In earlier
accounts of long-lived (ta~100-400 ns) mono-exponential
radiative decay originating from CT states,””*! the authors
have not observed any additional longer-lived components
typical for metal-free TADF compounds (t~1-10 ps) and
assigned the submicrosecond decay component to TADF.
Such mono-exponential TADF decay without any prompt
fluorescence component is typical for heavy-metal com-
plexes where the spin-orbit coupling between singlet and
triplet states induced by the metal leads to extremely fast
intersystem crossing (ISC) rates.[***" Such a fast ISC is
unlikely to occur in compounds without heavy atoms.
Interestingly, another recent work also reports long prompt
fluorescence lifetimes (t~100 ns) in diboron-based yellow-
orange emitters where a weak, but well-resolved TADF
component is observed.’” Our results strongly suggest that
very long-lived prompt fluorescence, as in CZ-Dipp-SO2B
and PXZ-Dipp-SO2B or in the reported cases highlighted,
must involve slow intersystem crossing which result in
relatively low population of triplet states with optical
excitation. In CZ-Dipp-SO2B and PXZ-Dipp-SO2B this
leads to only modest contributions of TADF to the overall
emission, 21-22% and 12-13 %, respectively. Potentially,
even smaller contributions of TADF can characterise other
systems which hinders detection of the TADF component
with optical excitation. Luminescence quenching by oxygen
is often incorrectly used as evidence for a triplet origin of
this emission. We demonstrate (Figure S3.13, Supporting
Information) that such experiments are not specific enough,
and long-lived prompt fluorescence (S,—S;) is subject to
similar quenching, in line with our previous reports."

To demonstrate TADF performance of PXZ-Dipp-
SO2B and CZ-Dipp-SO2B we have used them as emissive
dopants in proof-of-concept highly efficient vacuum-depos-
ited (Figure 7, Tables S7.1 and S7.2 in the Supporting
Information) and solution-processed (Tables S7.3, Figur-
es §7.1-S7.6 in the Supporting Information) OLEDs. Devi-
ces had the general structure; dipyrazino[2,3-f2',3'-
h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HAT-CN) hole
injection layer and 4,4’-(diphenylsilanediyl)bis(N,N-dipheny-
laniline) (TSBPA) hole transport, electron blocking layer.
1,3,5-tris[(3-pyridyl)-phen-3-yl]benzene (TmPyPB) or 2,4,6-
tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine  (PO-T2T)
served as electron transport and hole blocking layers, with a
LiF/Al electron injection layer. Initially, a device structure
using  1,3-bis(carbazol-9-yl)benzene (mCP) host and
TmPyPB electron transport material was employed, but
gave modest luminance and an elevated turn-on voltage
(Von)- An optimised blend host comprising mCP (HOMO
—5.9¢eV) or 4,4’ 4-tris(carbazol-9-yl)triphenylamine (TCTA)
(HOMO -5.7 e¢V) and PO-T2T (LUMO -3.1 eV) was used
as their energy levels!™ match those of CZ-Dipp-SO2B
(HOMO -5.89eV, LUMO -3.46eV) and PXZ-Dipp-
SO02B (HOMO -5.32¢V, LUMO -3.51eV), respectively.
In this case a structure ITO|HAT-CN (10 nm)|TSBPA
(40 nm) |mCP (2 nm)|mCP:PO-T2T (80:20) co 5% CZ-
Dipp-SO2B (20 nm) |PO-T2T (50 nm)|LiF (0.8 nm)|Al
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Figure 7. Characteristics of OLED devices 1 and 2: (top) electro-
luminescence spectra; (middle) luminance vs. voltage; (bottom)
external quantum efficiency (EQE) vs. luminance.

(100 nm) was used (Devl) and ITO|HAT-CN (10 nm)|
TSBPA (40 nm)| TCTA (2 nm)|TCTA:PO-T2T (80:20) co
5% PXZ-Dipp-SO2B (20 nm) |PO-T2T (50 nm)|LiF
(0.8 nm)| Al (100 nm) (Dev 2). An additional 2 nm mCP or
TCTA layer serves as an exciton blocking layer to prevent
formation of exciplex states between PO-T2T and
TSBPA. This approach led to significantly reducing Voy
and increased current density and luminance. Devices of
type Devl achieved a high EQE of 23.3%, near the
theoretical limit, and a maximum luminance of 18600 cdm™
with Agp =515nm green-blue electroluminescence, amply
demonstrating the effectiveness of CZ-Dipp-SO2B as the
TADF emitter. By studying 16 pixels from 4 independent
OLED:s of structure Devl, we recorded EQE in the range
from 18.1 % to 24.6 % (Figure S7.7 in Supporting Informa-
tion). The device data presented here therefore displays
performance representative of the whole characterised set of
devices. The EQE also remains above 20 % until 1000 cdm >
which is excellent for practical applications. For PXZ-Dipp-
SO2B Dev2 structure gave bright (5200 cdm?) orange-red
electroluminescence at Az, =609 nm and maximum EQE of
6.8 %.

From the EL spectra of CZ-Dipp-SO2B and PXZ-Dipp-
SO2B in their respective emissive layers, both materials
experience a substantial red shift due to the polarizability of
the host. The energy of the CT states shifts by more than
200 meV in respect to MCH or Zeonex. Such a large energy
relaxation should greatly affect rISC rate as the *CT-LE

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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energy gap increases by a similar 200 meV. However, in the
case of CZ-Dipp-SO2B the rISC rate is not affected. As a
result near 100 % IQE can be observed even with such a
large shift in energy between CT and local triplet states. To
demonstrate the host-invariant properties of CZ-Dipp-
S0O2B, OLEDs were produced with a device using bis{4-(N-
carbazolyl)phenyl}phenylphosphine oxide (BCPO) having a
highly polar P=O group mixed with PO-T2T (BCPO:PO-
T2T) as host. The new OLEDs, Dev BCPO with structure
ITO|HAT-CN (10 nm)|TSBPA (40nm)|BCPO (2 nm)|
BCPO:PO-T2T (85:15) co CZ-Dipp-SO2B (5 %) (20 nm) |
PO-T2T (50 nm) | LiF (0.8 nm) | Al (100 nm), display compa-
rable EQE of 22.9%, maximum luminance 20700 cdm™,
and overall similar characteristics to that of the Dev1 devices
using mCP:PO-T2T as host (Figures S7.8 and S7.9 in
Supporting Information). As described above, CZ-Dipp-
SO2B introduces a new class of a TADF emitter where
clearly all states involved in rISC are CT in character and so
all shift by about the same energy with environment. As a
result, rISC is unaffected by the strong relaxation of the CT
states in the device host. Whereas, for PXZ-Dipp-SO2B this
is not the case, here ’LE, acts as the mediator state and
therefore the large energetic relaxation of the CT states in
the EML greatly increases the energy gap between *CT; and
°LE,, significantly reducing the rISC rate. It contributes to
the low IQE of PXZ-Dipp-SO2B devices. CZ-Dipp-SO2B
devices also have excellent roll-off performance, somewhat
unexpected given the rather modest rISC rates calculated
from the optical measurements, Table 1. However, the
measured rISC rate may well be limited in the optical
measurements through the very slow ISC rate, which is not
the case in the devices, and rISC could well be much faster
in devices than measured optically, also facilitating excellent
roll-off performance. These observations show for the first
time a TADF emitter that operates at very close to 100 %
IQE and is practically unaffected by host environment over
the typical range of host polarisability values, offering much
better colour and performance stability, invariant of small
batch to batch changes of mixed EML host ratios and also
within limits invariant to changes in host material. This can
greatly relax fabrication tolerances for devices and increase
production yields.

Conclusion

We have developed synthesis of a novel strongly electron-
accepting organoboron scaffold SO2B. The presence of the
sulfone moiety within the boracyclic unit resulted in a
significant decrease of LUMO energy compared to related
systems. The new SO2B acceptor presented in this work
features high triplet energy T,=3.05eV and a low-lying
LUMO (x-3.5eV), a combination rare among materials
used in OLED applications. SO2B serves as a key structural
component of two new TADF emitters PXZ-Dipp-SO2B
and CZ-Dipp-SO2B featuring a D-n-A architecture and
unusually long (t=83-394 ns) prompt fluorescence lifetimes.
These long fluorescence lifetimes result from suppressing
the non-radiative decay by restricting the relative motion of
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the SO2B and Dipp units with the bulky isopropyl groups in
the latter. We have demonstrated that these long prompt
components may lead to reduced triplet formation yield (via
optical excitation), thus low intensity of resultant TADF,
hindering detection of the delayed fluorescence component
in the decay. CZ-Dipp-SO2B and especially PXZ-Dipp-
SO2B with the longer prompt lifetime t=394ns and
simultaneously large ®p; =0.75 demonstrate that the use of
the SO2B acceptor and a locked Dipp n-linker provides
perfect suppression of non-radiative decay from the singlet
state. Our design based on the common D-n-A template
overcomes the trade-off between minimising the HOMO-
LUMO overlap and reduction in the oscillator strength of
the S;—S, transition when designing emitters with AEs ~0.
OLED devices produced using CZ-Dipp-SO2B as the
emissive dopants have demonstrated excellent TADF per-
formance. The best OLED featuring CZ-Dipp-SO2B
achieves maximum EQE of 24.6% and luminance of
17100 cdm™? with Az =515nm and excellent roll-off per-
formance. Most importantly, we demonstrate that with CZ-
Dipp-SO2B the two triplet states that mediate rISC by the
second order vibronic coupling spin orbit coupling mecha-
nism are both of CT character. This is different from a more
typical *CT state coupling with a *LE state. With such a
configuration of excited states involving two CT states
rather than a CT and an LE state for rISC, the state spacing
remains invariant with the polarity or polarizability of the
host environment, thus the effectiveness of rISC is not
affected by these environmental factors. This then makes
production of highly reproducible TADF OLEDs a reality
and will allow improvements to host materials to be
implemented without having to change the TADF emitter as
well to achieve optimum performance. CZ-Dipp-SO2B thus
introduces a major step forward for the simple utilisation of
TADF emitters in OLEDs.
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