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nt and stable blue thermally
activated delayed fluorescence organic light-
emitting diodes based on four-coordinate
fluoroboron emitters by simple substitution
molecular engineering†
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Ming-Yi Leung, ab Maggie Ng, a Wing-Kei Kwok, ab Mei-Yee Chan *ab
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Achieving both high efficiency and high stability in blue thermally activated delayed fluorescence organic

light-emitting diodes (TADF-OLEDs) is challenging for practical displays and lighting. Here, we have

successfully developed a series of sky-blue to pure-blue emitting donor–acceptor (D–A) type TADF

materials featuring a four-coordinated boron with 2,20-(pyridine-2,6-diyl)diphenolate (dppy) ligands, i.e.

1–8. Synergistic engineering of substituents on the phenyl bridge as well as the electronic properties and

the attached positions of heteroatom N-donors not only enables fine-tuning of the emission colors, but

also modulates the nature and energies of their triplet excited states that are important for the reverse

intersystem crossing (RISC). Particularly for the compound with two methyl substituents on the phenyl

bridge (compound 8), RISC is significantly facilitated through the vibronic coupling of the energetically

close-lying triplet charge transfer (3CT) and the triplet local excited (3LE) states, when compared to

analogue 7. Efficient sky-blue to pure-blue OLEDs with electroluminescence peaks (lEL) at 460–492 nm

have been obtained, in which ca. five-fold higher external quantum efficiencies (EQEs) of 18.9% have

been demonstrated by 8 than that by 7. Moreover, ca. thirty times longer device operational half-

lifetimes (LT50) of 9113 hours for 8 than that for 7 as well as satisfactory LT50 reaching 26 643 hours for 6

at an initial luminance of 100 cd m−2 have also been demonstrated. To the best of our knowledge, these

results represent one of the best high-performance blue OLEDs based on tetracoordinated boron TADF

emitters. Moreover, the design strategy presented here has provided an attractive strategy for enhancing

the device performance of blue TADF-OLEDs.
Introduction

The development of thermally activated delayed uorescence
(TADF) materials, which can realize 100% internal quantum
efficiency (IQE) by up-converting non-emissive triplet excitons
to emissive singlet excitons via reverse intersystem crossing
(RISC), has been considered as a third generation technology
for organic light-emitting diodes (OLEDs).1 Since the rst report
als and Department of Chemistry, The
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characterization. See DOI:

12615
on TADF-OLEDs in 2012,2 the research and development of
TADF-OLEDs has drawn considerable attention recently.3–5

Apart from the unity IQE and the potential for lower cost, purely
organic TADF materials possess great potential for developing
blue-emitting OLEDs with high efficiencies and processability
suitable for full-color displays.5–12

From the kinetic viewpoint, a fast RISC (kRISC) and a high
uorescence rate constant (kr,S), both of which can alleviate the
unwanted exciton annihilation and out-compete the non-
radiative process, are favorable for high photoluminescence
quantum efficiencies and long operational lifetimes of OLEDs.13

Up to now, the predominant and effective molecular design
strategy for a TADF emitter has been still the construction of
a twisted donor–acceptor (D–A) conguration, in which the
overlap of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) can be mini-
mized, hence leading to a small singlet–triplet energy gap
(DEST). Given a thermally accessible DEST, however, spin–orbit
© 2024 The Author(s). Published by the Royal Society of Chemistry
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coupling (SOC)-mediated spin-ipping process from charge
transfer triplet (3CT) to singlet (1CT) excited states in purely
organic materials is inefficient.14 Recent studies have shown
that RISC can be accelerated by a second-order vibronically
coupled mechanism, in which the SOC between 1CT and 3CT is
greatly enhanced by a vibronic coupling of the energetically
close-lying 3CT state and the triplet local excited (3LE) state.15–23

Unfortunately, in terms of the uorescence radiation from the
lowest singlet excited state (S1) to the ground state (S0), a small
HOMO–LUMO overlap corresponds to a small transition prob-
ability from HOMO to LUMO resulting from a small oscillator
strength, and hence usually results in a low photoluminescence
quantum yield (PLQY). As a result, a careful manipulation on
the trade-off between a small DEST and a high PLQY is also of
prime importance.

The electron-accepting nature of tricoordinate boron moie-
ties, together with their interesting luminescence properties,24–27

have enabled them to be promising acceptor motifs for con-
structing blue-emitting D–A structured TADF materials as well as
boron-embedded multi-resonance (MR) TADF materials.28–32

Particularly, in order to weaken the electron-withdrawing ability
of a tricoordinate boron for realizing deeper blue emissions,
embedding boron atom into heteroatom-bridged or heteroatom
donor-based chelating ligands has been demonstrated to be an
effective design approach.33–35 For instance, upon replacing the
B–C bond with the B–O bond, a considerable blue shi of 29 nm
(1357 cm−1) in the photoluminescence spectra has been
demonstrated in a borinate-ester-based TADF emitter, when
compared with the isostructural phenoxaborin-based
analogue.34,35 The blue-shied emission is originated from the
electron donation of the oxygen atom to boron that lowers the
electron-accepting ability on the boron atom. Despite encour-
aging external quantum efficiencies (EQEs >30%) of tricoordinate
boron-based TADF-OLEDs,36–39 still, the synthesis is challenging
and the device operational stability is unsatisfying,38,39 predomi-
nantly due to the intrinsic instability of the tricoordinate boron
center.28 On the contrary, upon complexation of a Lewis base to
the tricoordinate boron center, the Lewis acid–base interaction
can stabilize the resultant tetracoordinate boron in an inert-gas
conguration and thus improve the chemical stability.40–52

These, together with the facile synthesis and modication of the
tetracoordinate borate-based TADF emitters, would render them
as promising candidates for both efficient and stable TADF-
OLEDs.53 Nonetheless, to date, only a few blue-emitting four-
coordinate boron-based TADF materials with EQEs approach-
ing 16% have been reported,39,40,54–58 probably due to an effective
p-conjugation in the structurally constrained tetracoordinate
boron moieties and thus a stabilized LUMO induced red-shied
emission.53

Previously, our group reported a blue TADF material, 4-DTC-
Ph(dppy)BF (Fig. 1a), in which a 3,6-di-tert-butylcarbazole (DTC)
donor and a 2,20-(pyridine-2,6-diyl)diphenolate (dppy) uo-
roboron ((dppy)BF) acceptor was bridged by a phenyl linker.50

The ndings revealed that the nature of S1 and the lowest triplet
excited state (T1) were

1CT and 3LE on the (dppy)BF moiety,
respectively. In light of the aforementioned scenarios, it is
envisaged that a delicate tuning of the CT state energy of (dppy)
© 2024 The Author(s). Published by the Royal Society of Chemistry
BF-based TADF emitters, which could be realized bymodulating
the donor strength of the N-donor and the donor–acceptor
conformation, could lead to a control of both the frontier orbital
distribution and the relative energy order and levels of the 3CT
and 3LE state. Particularly for 6, the attachment of two DTC at
the para-position of the phenolate moieties not only allows us to
investigate the donor–acceptor conformation-modulated
excited states, but also guarantees the electrochemical stabili-
ties of both the carbazole and the phenolate moieties.58,59

Herein, we have designed and synthesized a series of (dppy)BF-
based TADF emitters via the p-bridge engineering and the N-
donor modulation, i.e. 1–8, targeting high-quality blue emis-
sions as well as high electroluminescence quantum efficiencies
(Fig. 1). High emission energies can be realized through the
removal of the p-bridge (1), the simple methyl substitution
engineering on the phenyl bridge (2, 3 and 8) and the utilization
of a weaker N-donor (5). Moreover, energetically close-lying T1

state (3CT) and T2 state (3CT and 3LE for 6 and 8, respectively)
with the energy difference (DET1–T2

) of 0.02 eV for 6 and 0.06 eV
for 8 are determined by computational studies, respectively, by
which an accelerated RISC process through a second-order
vibronically coupled mechanism can be anticipated. Pure-blue
OLEDs with a maximum EQE of 7.7% at a lEL of 468 nm and
CIE coordinates of (0.15, 0.18), and sky-blue OLEDs with
a maximum EQE of 18.9% at a lEL of 492 nm and CIE coordi-
nates of (0.18, 0.42) have been demonstrated by compounds 3
and 8, respectively. Further boosted device performance with an
EQE reaching 20.8% has been achieved by 8 at a dopant
concentration of 14 v/v%. More impressively, long half-lifetimes
(LT50) at a L0 of 100 cd m−2 of 918 hours and 26 643 hours for
pure-blue and sky-blue OLEDs have been achieved, respectively.
The synergistic effects of an appropriate frontier orbital overlap
and an efficient spin-vibronic coupling mediated RISC have
been demonstrated to contribute to these record-high device
efficiencies and operational stabilities.

Synthesis and characterization

The halogenated 2,6-bis(2-methoxyphenyl)pyridines were
prepared according to modications of literature proce-
dures,50,60 which were subsequently allowed to react with the
corresponding diarylamines via Buchwald–Hartwig coupling
reactions. Further demethylation by pyridinium chloride
(py$HCl) and coordination with boron triuoride diethyl
etherate (BF3$OEt2) afforded the target compounds 1–8
(Fig. S1†). The corresponding synthetic routes are provided in
Fig. S1.† The identities of 1–8 have been fully conrmed by 1H,
19F{1H} and 11B{1H} NMR spectroscopy, high resolution elec-
tron ionization (EI) or electrospray ionization (ESI) mass spec-
trometry as well as elemental analyses. All the uoroboron
compounds are revealed to be thermally stable by thermogra-
vimetric analysis (TGA) (Fig. S2 and Table S1†), suggesting their
potentials for the fabrication of vacuum-deposited devices.

Steady-state photophysical properties

The UV-vis absorption and emission spectroscopy of 1–8 in
toluene solutions and in doped thin lms have been carried out
Chem. Sci., 2024, 15, 12606–12615 | 12607
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Fig. 1 (a) Chemical structures of the previously reported 4-DTC-Ph(dppy)BF50 and the newly developed compounds 1–8. (b) Optimized S0
geometries of representative compounds 2–4, 7 and 8 labeled with dihedral angles.

Fig. 2 (a) Electronic absorption spectra, and (b) normalized emission
spectra of 1–8 in toluene solution (10−5 M).
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View Article Online
to investigate their basic photophysical properties (Fig. 2,
Tables 1 and S2†). With reference to the absorption studies of
(dppy)BF (Fig. S3†) and 4-DTC-Ph(dppy)BF,50 the high-energy
vibronically structured absorption bands of 1–8 at ca. 310–
360 nm are tentatively assigned as p–p* transitions of the
respective (dppy)BF moieties and the low-energy absorption
bands beyond 360 nm are assigned as an intramolecular charge
transfer (ICT) transition from the respective N-donor moiety to
the (dppy)BF acceptor moiety, with some mixing of p–p* tran-
sitions. Compared to 4-DTC-Ph(dppy)BF,50 removing the p-
bridge in 1 leads to a hypsochromic shi in the low-energy
absorption band maximum from 386 nm to 377 nm. This can
be ascribed to a reduced p-conjugation length in 1 and thus an
enlarged p−p* energy gap. Comparing 2–4, the introduction of
an ortho-substituent relative to (dppy)BF in 2 gives rise to a blue
shi in the low-energy absorption band, whereas the intro-
duction of an ortho-substituent relative to DTC, regardless of its
electronic properties, in 3 and 4 gives rise to a similar absorp-
tion prole. Such observations can be rationalized by the fron-
tier orbital distribution, in which the HOMO is primarily
localized on the p orbital of DTC and the LUMO is primarily
localized on the p* orbital of (dppy)BF and its adjacent methyl-
substituted phenyl ring. Accordingly, the ortho-substitution
relative to the DTC moiety has a negligible effect on the HOMO,
whereas the ortho-substitution relative to the (dppy)BF moiety
would cause a reduction in the electron delocalization and
12608 | Chem. Sci., 2024, 15, 12606–12615 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Key photophysical properties of 4-DTC-Ph(dppy)BF50 and 1–8 at room temperature

Compound

Solution Thin lmf

lem/nm F/% sa/ns kr,S
c/108 s−1 knr,S

d/108 s−1 DEST
e/eV lem/nm F/% sp/ns sd/ms

1 461 18a/21b 5.1 0.35 1.33 0.42 461 43 4.7 125
2 457 30a/33b 4.9 0.61 1.24 0.38 459 53 9.5 359
3 469 23a/27b 3.5 0.66 1.78 0.36 466 47 7.0 287
4 481 13a/17b 3.8 0.34 1.67 0.31 478 78 5.0 143
5 472 21a/22b 3.4 0.62 2.19 0.36 451 36 4.9 377
6 520 19a/24b 7.9 0.24 0.76 0.25 500 53 10.3 559
7 506 71a/82b 4.4 1.61 0.35 0.15 515 99 7.1 12.7
8 488 53a/66b 5.2 1.02 0.53 0.22 492 94 5.3 38.9
4-DTC-Ph(dppy)-BF 468 31a/39b 3.1 1.00 1.56 468 71 5.4 453

a Measured in aerated toluene solution with a concentration of 10−5 M. b Measured in degassed toluene solution with a concentration of 10−5 M.
c Rate constant of uorescence radiative decay (S1/ S0): kr,S=Fp/s.

d Rate constant of nonradiative decay (S1/ S0): knr,S= ((1−F)/F)× kr,S.
e DEST

= ES1 − ET1 (see ESI for details). f Measured in 5 wt% doped mCP thin lms.
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destabilize the LUMO. Similarly, comparing 7 and 8, which have
the same 4,40-di-tert-butyldiphenylamine (DTDPA) donor
moiety, the di-ortho-methyl-substitution on the phenyl bridge
relative to the (dppy)BF acceptor in 8 leads to an obvious hyp-
sochromic shi in the low-energy absorption band, that is,
405 nm for 7 and 380 nm for 8. Such observations are further
supported by computational studies (see ESI†), in which the
dihedral angle between the (dppy)BF unit and its adjacent aryl
rings increases from ca. 35° in 3 and 4 to ca. 50° in 2 and from
ca. 31° in 7 to ca. 72° in 8 respectively (Fig. 1b). Besides, the
molar extinction coefficient (3) of 7 is more than two-fold higher
than that of 8, resulting from a relatively planar molecular
structure and thus a better HOMO–LUMO overlap in 7. Mean-
while, the low-energy absorption band is also found to be
sensitive to the electron-donating ability of the N-donor moiety,
in which a considerable red shi from 360 nm to 401 nm to
405 nm is observed when comparing 5 with a 3,6-diuor-
ocarbazole (DFC) donor to 6 with two DTC donors to 7 with
a DTDPA donor. Such assignments can be further supported by
time-dependent density functional theory (TDDFT) calculations
(see ESI† for details). These results suggest that both the
strength and the degree of twisting of the N-donor moiety play
an important role in controlling the energy and the nature of
the lowest-lying excited states, which in turn could govern the
TADF properties.

Upon photoexcitation in toluene solution, all the
compounds display structureless emission bands (Fig. 2b).
This, together with the linear relationship between the Stokes
shi and the solvent polarity suggest an ICT emissive excited
state origin (Fig. S4–S6†). Consistent with the trend observed in
the electronic absorption studies, the emission energies are
found to be both sensitive to the extent of the p-conjugation
and the electron-donating strength of the N-donor. In 5 wt% 1–8
doped 1,3-bis(carbazol-9-yl)benzene (mCP) thin lms, except for
5 and 6 which show a considerable blue shi in the emission
maxima, i.e. 21 nm (987 cm−1) for 5 and 20 nm (769 cm−1) for 6,
all the other compounds exhibit similar photoluminescence
behaviors as observed in toluene solutions (Fig. S7†). Particu-
larly, the blue shi in the emission spectra of 5 and 6 doped
© 2024 The Author(s). Published by the Royal Society of Chemistry
thin lms is possibly arising from the restricted excited-state
structural relaxation in the solid-state thin lm.
Time-resolved photoluminescence studies

To verify the TADF properties of 1–8, the time-resolved photo-
luminescence (PL) characteristics in the solution state and in
the solid-state thin lms have been investigated (Fig. 3, 4, S8
and S9†). A nanosecond emission lifetime is found for all the
compounds 1–8 in aerated toluene at room temperature. Iden-
tical PL proles with slightly higher PLQYs in degassed solu-
tions with respect to those in aerated solutions have been
revealed (Fig. S10† and Table 1). In contrast, the time-resolved
PL decay characteristics of all the compounds in 5 wt% doped
mCP thin lms exhibit both nanosecond-order and
microsecond-order decays. Moreover, the microsecond-order
components for all the doped thin lms show an increase
upon increasing the temperature from 77 K to 300 K (Fig. 3 and
S8†), typical of TADF characteristics.2 Meanwhile, much
enhanced PLQYs are observed in the doped thin lms relative to
those in the degassed solutions. Notably, changing the N-donor
from DTC in 4-DTC-Ph(dppy)BF and 1–6 to DTDPA in 7 and 8
leads to a rather shortened emission decay lifetime (tens of
microseconds) and a much higher PLQY ($94%) in the corre-
sponding doped thin lms. Particularly, compared to 7, the
introduction of two methyl substituents on the phenyl bridge in
8 leads to a signicant increase in the delayed emission
component (Fig. 3 and S8†), suggesting an efficient TADF
process. Nevertheless, for all the compounds, the more
pronounced TADF properties in the solid-state thin lm than
those in the solution state can be mainly attributed to restricted
intramolecular motion and thus suppressed nonradiative
deactivation, both enhancing radiative decay via uorescence,61

making both intersystem crossing (ISC) and RISC processes
more ready to occur.62,63

To gain insights into the nature of the S1 and T1 states, time-
resolved PL spectra of 1–8 in toluene matrix at 77 K have been
recorded. Specically, the uorescence spectra of all the
compounds generally display structureless emission bands
(Fig. 4 and S9†). For the phosphorescence spectra, compounds
Chem. Sci., 2024, 15, 12606–12615 | 12609
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Fig. 3 Temperature-dependent PL decay curves of thin films of 5 wt% (a) 3, (b) 4, (c) 6 and (d) 8 doped mCP thin films.

Fig. 4 Time-resolved (a) fluorescence (delay time: 0 ns) and (b)
phosphorescence (gate time: 0.5–100 ms) spectra of 3, 4, 7 and 8
measured in toluene matrix at 77 K.
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1–5 and 8 exhibit characteristic vibronic structures of the (dppy)
BF acceptor moiety (Fig. S11†), indicating that the emission
predominantly stems from a 3LE excited state on the (dppy)BF
acceptor. As for compound 6, a structureless phosphorescence
12610 | Chem. Sci., 2024, 15, 12606–12615
band is observed, suggesting a charge transfer T1 (
3CT) excited

state origin. Notably, compared to 8, the phosphorescence
spectrum of 7 shows a less obvious vibronic feature, which
might indicate a different emission origin.16,19 Taking a closer
look at the character and energies of T1 and T2 states for 7 and 8,
the less obvious vibronic-structured phosphorescence spectrum
of 7 can be attributed to the predominant charge transfer
character (73%) of T1 as well as the large energy difference
between T1 and T2 (DET1–T2

: 0.34 eV), whereas the negligible
DET1–T2

(0.06 eV) as well as the predominant charge transfer
character of T1 (80%) and locally excited state character of T2

(88%) have been computed for 8 (Table S6† and see Computa-
tional studies). The vibronic-structured phosphorescence
spectrum of 8 might be attributed to larger transition intensity
from 3LE / S0 emission than that of 3CT / S0 emission.
Considering the fact that the most relaxed CT state might not be
formed at 77 K, the S1 energies have been estimated from the
uorescence spectra recorded at 298 K, and T1 energies was
estimated from the phosphorescence spectra recorded at 77 K
(Table S3†). The rather larger discrepancy between the experi-
mental DEST (0.15 eV) and the computational DEST (0.46 eV) for
7 is likely introduced by the difference in the dihedral angle
between the phenyl ring attached to the diarylaminomoiety and
the pyridine ring at 77 K from that of the optimized geometry of
7 from computational studies. This can be further supported by
the better agreement of the experimentally determined DEST
(0.22 eV) and the computational DEST (0.13 eV) for 8 where the
two ortho-methyl substituents on the phenyl ring attached to the
diarylamino moiety would restrict the rotational degrees of
freedom to be similar to that of the optimized geometry from
computational studies.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Transient absorption studies

In order to reveal the excited-state dynamics, nanosecond tran-
sient absorption (TA) studies have been performed on structur-
ally similar analogues 7 and 8 in degassed toluene solution at
room temperature using a 355 nm nanosecond pulsed laser
(Fig. S13b† and 5). The picosecond TA spectra of 7 in degassed
toluene solution at room temperature have also been recorded
using a picosecond mode-locked laser (Fig. S13a†). Generally,
a negative absorption band at ca. 520 nm and an intense and
broad positive band in the region of 600–850 nm of 7 are
observed in the ps-TA spectra.64 A similar broad positive
absorption band in the region of ca. 600–800 nm is also observed
in the ns-TA spectra of 7 (Fig. S13b†). The decay constant of the
negative band (3.6 ns, Fig. S13a†) is comparable to its uores-
cence lifetime in toluene (4.4 ns, Table 1). This, together with the
ground state non-absorbing properties of 7 in this region
(Fig. 2a), suggest the negative band originates from interference
from background uorescence of 7, which has the highest
prompt uorescence PLQY among this series of compounds.65

On the other hand, an intense and broad positive absorption
band at 400–800 nm is found in the ns-TA spectra of 8 (Fig. 5).
The positive TA bands for both 7 and 8 correspond to excited
state absorption (ESA).65–68 Due to the strong laser-induced
emission in the ns-TA spectra of 7 at ca. 460–540 nm, the ESA
signals in that region is heavily masked and the exact wavelength
cannot be deconvoluted. With reference to the structurally
related boron-containing69 and diphenylamine-based small
molecules,70 the ESA bands in the region of ca. 540 nm for 8 could
be tentatively assigned to the absorption of the radical anion of
the dppy-chelating boron moiety, while the ESA bands in the
region of 600–800 nm for 7 and at ca. 680 nm for 8 could be
Fig. 5 Nanosecond transient absorption spectra of 8 in degassed
toluene at 298 K and the decay tracemonitored at 500 nm in the inset.

Table 2 Computed spin–orbit coupling constants between singlet and
excited states for 6–8

Compound DEST/eV DET1–T2
/eV S

6 0.25 0.02 0
7 0.46 0.34 0
8 0.13 0.06 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
assigned to the absorption of the radical cation of the diphe-
nylamine moiety, respectively. The spectral shis in the ESA
bands of radical anions and cations for 7 and 8 could be ascribed
to the substituent effect. Particularly, the short-lived TA signals
decay in the nanosecond scale for 7 (Fig. S13a†) suggest that
a vast majority of singlet excited states are deactivated via emis-
sion rather than ISC to the triplet state.64,71 In contrast, for 8, the
broad ESA bands at 400–800 nm decay in the microsecond
regime (Fig. 5), indicative of the involvement of the triplet state
for a possible occurrence of TADF. This suggests that a large
proportion of the singlet excited states undergoes ISC into the
triplet manifold instead of prompt uorescence radiative decay
in 8.71 Notably, these ndings in the TA studies of 8 can be well
explained by a relatively smaller DEST of 0.22 eV as demonstrated
by the time-resolved PL studies (Table 1 and S3†) as well as
a larger SOC constant of 0.45 cm−1 between S1 and T1 as revealed
by the computational studies (Table 2), as compared to the DEST
of 0.46 eV and the SOC of 0.42 cm−1 of 7, respectively.
Computational studies

To gain further insights into the excited states involved in the
TADF process, the S1 and T1 excited states for compounds 1–8
have been optimized with the time-dependent density-functional
theory (TDDFT) at PBE0 level of theory. It is found that the lowest
energy transitions in the optimized S1 and T1 structures of 1–8 are
contributed by HOMO / LUMO excitation. In the S1 state, their
HOMOs are predominantly the p orbitals localized on the N-
donor, while the LUMO is the p* orbital of the (dppy)BF
moiety (Fig. S23†). Therefore, the S1 excited states of 1–8 can be
assigned as the 1ICT [p(N-donor) / p*((dppy)BF)] state.
Increasing the donor strength of the N-donor from one DTC in 4-
DTC-(dppy)BF to two DTC in 6 and one DTDPA in 7 destabilizes
the HOMO, which in turn lowers the energy of the CT states;
whereas introducing two methyl-substituents on the phenyl
bridge in 8 stabilizes the HOMO and hence the CT states with
respect to that in 7 with the same DTDPA donor moiety
(Fig. S26†), in good agreement with the emission studies (Table
1). In the T1 state, the frontier orbitals of 4 and 6–8 share the
same nature as that in the S1 state, and can be assigned as
originating from the 3ICT state. For 1–3 and 5 in the T1 state, the
HOMOs and LUMOs are mainly the p and p* orbitals of the
(dppy)BF moiety (Fig. S24†), therefore can be assigned as the 3LE
[p/ p*((dppy)BF)] state. Notably, the alteration of the nature of
the T1 state in 6–8 (3CT) as compared to that in 4-DTC-(dppy)BF
(3LE)50 has been attributed to the strong donor strength of the N-
donor in 6–8, which would effectively stabilize the 3CT state with
the corresponding energy lower than that of the 3LE state.
triplet excited states and norm of derivative couplings between triplet

OCS1–T1
/cm−1 SOCS1–T2

/cm−1 DCT1–T2
/bohr−1

.44 0.23 29.1

.42 0.46 1.2

.45 0.56 1.0
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Fig. 6 (a) Normalized EL spectra and (b) EQE–current density (J) plots
of the vacuum-deposited OLEDs (device B) based on 14 v/v% 3–6 and
8.
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The spin-ipped up-conversion from the T1 to S1 state is
inuenced by direct SOC (i.e., SOCS1–T1

), spin-vibronic interac-
tions via higher-lying triplet states and the DEST value. The
smallest DEST of 0.13 eV for 8 is consistent with experimentally
observed strongest TADF characteristic among 6–8. The
moderate SOCS1–T1

in the range of 0.42–0.45 cm−1 for 6–8
suggests that the direct SOC contribution is similar among them.
To explore the potential involvement of spin-vibronic interac-
tions in the TADF process, the SOC and derivative couplings (DC)
associated with the second lowest-energy triplet excited state (T2)
in 6–8 have been computed (Table 2). Theoretical analysis has
demonstrated that large SOCS1–T2

and DCT1–T2
along with small

DET1–T2
values can facilitate T1 / S1 RISC via T2 state.72 The

computed SOCS1–T2
values are in the same order of magnitude for

6–8. However, results from interfragment CT (IFCT) analysis
indicate that T2 states exhibit different dominant characters,
specically 3CT, 3LE, and 3LE for compounds 6–8, respectively,
with corresponding DET1–T2

gaps of 0.02, 0.34, and 0.06 eV. The
rather small DET1–T2

values for 6 and 8 are indicative of a strong
vibronic coupling between the T1 and T2 states that has been
demonstrated to facilitate RISC (Fig. S27†),15–23 whereas such
a vibronic coupling is diminishingly small for 7 given its large
DET1–T2

. Furthermore, the large DCT1–T2
value for compound 6

provides additional acceleration for RISC as compared to 7. All
these computational results have supported the effectiveness of
the present design strategies of regulating the N-donor strength
and the donor–acceptor conformation tomodulate the CT energy
level for ne color tuning as well as to alter the relative energy
order and levels of the 3CT and 3LE states for an efficient RISC.
OLED fabrication and characterization

The electroluminescence (EL) properties of 1–8 in vacuum-
deposited OLEDs with different device congurations (device
A and device B) have been investigated (see ESI† for details). The
EL characteristics of 1–8 at different dopant concentrations (i.e.
x = 2, 5, 8, 11, and 14 v/v%) are shown in Fig. 6 and S29–S32,†
and the corresponding data are summarized in Table S8.†
Notably, 3,30-di(9H-carbazol-9-yl)biphenyl (m-CBP) has been
used as the host material due to its higher thermal stability than
mCP, favoring a higher operational stability of OLEDs. Consis-
tent with the PL spectra of doped thin lms, all devices fabri-
cated with 1–8 exhibit Gaussian-shaped EL bands (Fig. 6a, S29
and S30†). With the same device structure, higher EL energies
are obtained via the simple introduction of methyl substituents
on the phenyl bridge when comparing 2 to 4-DTC-Ph(dppy)BF50

as well as 8 to 7, respectively (Table S8†). On the other hand,
despite the different device structures, the EL energies are
generally observed to be in order of 5 > 6 > 7 and are in good
agreement with the trend of electron-donating strength of the
N-donor. Moreover, relatively small FWHMs from 60 nm to
72 nm with spectral shis of ∼181, 553, 359, 706 and 184 cm−1

are observed for the blue-emitting devices based on 1–5with the
dopant concentration from 2 v/v% to 14 v/v%, respectively. The
narrow FWHMs together with the small spectral shis are
highly desirable for blue emitters to be used for displays and
solid-state lighting systems.
12612 | Chem. Sci., 2024, 15, 12606–12615
Besides the ne-tuned blue EL, promising EQEs of as-
fabricated OLEDs have also been demonstrated (Fig. 6b, S31
and S32†). Particularly, a rather low maximum EQE of 3.8% with
CIE coordinates of (0.14, 0.20) for devices based on 1 can be
reasonably attributed to its large DEST. With the same device
architecture, a higher EQE of 7.7% for OLEDs fabricated with 2
than 4.3%with 4-DTC-Ph(dppy)BF50 in the pure-blue region (CIEx
#0.15, CIEy #0.20) have been achieved. On the other hand,
synergistically increasing the donating strength of the N-donor
and modulating the donor–acceptor conformation can also
result in high performances of blue OLEDs. Particularly,
a maximum EQE of 13.3% with CIE coordinates of (0.20, 0.37) for
6-fabricated OLEDs has been demonstrated. Moreover, an EQE of
9.3% with CIE coordinates of (0.17, 0.35) for 8-fabricated OLEDs
has been obtained, more than two-fold enhancement than an
EQE of 3.6% with CIE coordinates of (0.16, 0.38) for 7. Further
optimization of devices made with 8 by employing TSPO1 as the
hole blocking layer at the cathode side instead of TCTA as the
electron blocking layer at the anode side has led to a higher EQE
of 17.0% with CIE coordinates of (0.18, 0.38) for blue OLEDs and
19.4% with CIE coordinates of (0.20, 0.47) for sky-blue OLEDs,
which are presumably due to a more balanced charge carrier
transport within devices.73 For fair comparison, 4-DTC-Ph(dppy)
BF-based OLEDs employing TSPO1 as the exciton blocking
layer have also been fabricated, in which maxima EQEs of 14.6%
with CIE coordinates of (0.16, 0.29) have been obtained. Partic-
ularly, current and power efficiencies of the 14 v/v% device based
on 8 (i.e. 57.9 cd A−1 and 60.6 lmW−1) are almost double those of
the device based on 4-DTC-Ph(dppy)BF (i.e. 27.8 cd A−1 and 29.1
lm W−1), corresponding to a high EQE of 20.8%.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Relative luminescence (L/L0) of vacuum-deposited OLEDs
based on 2–4 and 6–8 as a function of time at a constant driving
current density of 20 mA cm−2.

Table 3 Operational stabilities of vacuum-deposited devices made
with 2, 3 and 6–8

Compound L0/cd m−2

Lifetime/hours

LT50
a @ L0

b LT50 @ 100 cd m−2

2 745 5 151
3 1140 15 918
4 1206 26 1792
6 1374 310 26 643
7 1269 4 317
8 3010 28 9113

a LT50 is dened as the operational lifetime at 50% of initial luminance.
b L0 is dened as the initial luminance.
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The operational stabilities of the vacuum-deposited devices
based on 2–4 and 6–8 have also been investigated by accelerated
testing at a constant driving current density of 20 mA cm−2. The
relative luminance of the OLEDs based on 2–4 and 6–8 as
a function of time is depicted in Fig. 7 and the corresponding
data are summarized in Table 3. Devices fabricated with 2–4
and 6–8 have achieved half-lifetimes LT50 of 151, 918, 1792, 26
643, 317 and 9113 hours, respectively, at an initial brightness
(L0) of 100 cd m−2. Operational lifetimes of devices fabricated
with 6 and 8 show tens of times longer than those for 2, 3 and 7,
and four to ten times longer than that for 4-DTC-Ph(dppy)BF,50

respectively. Besides, the better electrochemical stability of the
para-substituted phenolate moieties might also contribute the
superior device operational lifetimes of 6. It should also be
highlighted that both the device quantum efficiencies and
operational stabilities of 8 demonstrated in this work represent
one of the highest values among the state-of-the-art blue-
emitting TADF-based OLEDs with similar emission wave-
lengths or CIE coordinates (Table S9†).
Conclusions

In summary, a series of sky-blue to pure-blue dppy-chelated
uoroboron TADF materials has been developed and utilized
as dopants for OLED applications. Both the electronic nature
and the position of the substitution on the phenyl bridge and
the N-donor appended to the (dppy)BF acceptor can effectively
alter and ne-tune their electronic structures and photophysical
© 2024 The Author(s). Published by the Royal Society of Chemistry
properties. Particularly, for emitters 7 and 8 with the same
DTDPA N-donor, the simple methyl substitution engineering on
the phenyl bridge in 8 destabilizes both the 1CT (S1) state for
a higher emission energy and the 3CT (T1) state that brings its
energy closer to that of the 3LE (T2) state for an efficient RISC via
a spin-vibronic coupling mechanism. Sky-blue to pure-blue
vacuum-deposited OLEDs fabricated with these boron emit-
ters have achieved maxima EQEs of 18.9%. Moreover, further
boosted device performance with an EQE of 20.8% has been
demonstrated by 8 at a higher dopant concentration. Impor-
tantly, satisfactory half-lifetimes of 918 hours for pure-blue
OLEDs and long half-lifetimes of 26 643 hours for sky-blue
OLEDs have been realized. The synergistic engineering of the
substitution on the p-bridge and the nature of the N-donor is
believed to be of great importance toward future development
of robust blue TADF materials based on four-coordinate borates
and other bipolar D–A systems.

Notes
Materials and reagents

Bis(4-(tert-butyl)phenyl)amine and 3,6-di-tert-butyl-9H-carba-
zole were purchased from TCI or AK Scientic, Inc. Pyridine
hydrochloride (Py$HCl) and boron triuoride diethyl etherate
(BF3$OEt2) were available from Sigma-Aldrich. All solvents were
puried and distilled using standard procedures before use.
Toluene ($99.8%, SPECTRONORM for spectroscopy) was
purchased from VWR Chemicals. Tetra-n-butylammonium
hexauorophosphate (Aldrich, 98%, nBu4NPF6) was recrystal-
lized for no less than three times from hot absolute ethanol
prior to use. All other reagents were of analytical grade and were
used as received. All reactions were performed under anaerobic
and anhydrous conditions using standard Schlenk techniques
under an inert atmosphere of nitrogen.
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