nature communications

Article https://doi.org/10.1038/s41467-023-42019-6

Enhancing operational stability of OLEDs
based on subatomic modified thermally
activated delayed fluorescence compounds

Sinyeong Jung"*®, Wai-Lung Cheung ® "%, Si-jie Li"®, Min Wang', Wansi Li',
Cangyu Wang', Xiaoge Song', Guodan Wei® "2/, Qinghua Song®",
Season Si Chen® 3/, Wanqing Cai*, Maggie Ng®", Wai Kit Tang® &
Man-Chung Tang ®"

Received: 1 July 2023

Accepted: 26 September 2023

Published online: 14 October 2023

M Check for updates

The realization of operationally stable blue organic light-emitting diodes is a
challenging issue across the field. While device optimization has been a focus
to effectively prolong device lifetime, strategies based on molecular engi-
neering of chemical structures, particularly at the subatomic level, remains
little. Herein, we explore the effect of targeted deuteration on donor and/or
acceptor units of thermally activated delayed fluorescence emitters and
investigate the structure-property relationship between intrinsic molecular
stability, based on isotopic effect, and device operational stability. We show
that the deuteration of the acceptor unit is critical to enhance the photo-
stability of thermally activated delayed fluorescence compounds and hence
device lifetime in addition to that of the donor units, which is commonly
neglected due to the limited availability and synthetic complexity of deuter-
ated acceptors. Based on these isotopic analogues, we observe a gradual
increase in the device operational stability and achieve the long-lifetime time
to 90% of the initial luminance of 23.4 h at the luminance of 1000 cd m™ for
thermally activated delayed fluorescence-sensitized organic light-emitting
diodes. We anticipate our strategic deuteration approach provides insights
and demonstrates the importance on structural modification materials at a
subatomic level towards prolonging the device operational stability.

To realize blue organic light-emitting diodes (OLEDs) with high effi-
ciency and long operational lifetime, it is important to suppress
bimolecular triplet-triplet annihilation (TTA) or and triplet-polaron
annihilation (TPA) which could induce undesirable exciton fusion
processes such as high-energy polaron formation'*. For example, the
employment of a stacked device structure with two emissive layers
(EMLs) with graded dopant concentrations’, the introduction of an

excited state manager molecule as a sacrificing agent*, and the use of
sky-blue thermally activated delayed fluorescence (TADF) emitters as
assistant dopants® have been shown to effectively lengthen the device
lifetime. While intensive efforts have been made in terms of device
engineering®, there has been a recent interest on molecular engi-
neering to investigate the structure-property relationship with strate-
gies that pinpoint on the emitter or host material design from a
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chemical point of view”®, which are of equal importance to enhance
the device operational lifetime. Specifically, a particular focus has been
put on the exploration of factors such as the bond dissociation energy
(BDE) of host materials’ and deuterium substitution of host
materials'", phosphorescent (Ph) emitters™™® or donor units of TADF
emitters'®?°. These have prompted our interest to take a deeper
investigation on the isotopic effect induced by different components
within the material on the device operational stability.

The kinetic isotopic effect (KIE) is a mechanistic phenomenon
associated with one of the atoms being replaced by its isotope with the
observation of a change of rate of a chemical reaction”. Among various
isotopic effect, the replacement of proton, or protium, by deuterium is
the most common strategy considering the relative ease and cost of
synthesis, as well as the more prominent effect based on the change of
mass, compared to other isotope effects such as carbon-13*2. For
hydrogen isotopic effect, it is often expressed by the ratio of ky/kp in
the range of 1-7 depending on the site of substitution, where primary
hydrogen KIE refers to the substitution at the bond breaking site and
secondary hydrogen KIE refers to the substitution other than the bond
breaking site in the rate determining step. According to Eq. (1),

v= i‘/—k @
21 Ju
where v is the vibration frequency, k is the force constant, and u is the
reduced mass, the substitution of an atom by its heavier isotope
requires a higher activation energy for bond dissociation. Therefore, it
is anticipated that deuterium substitution could enhance the intrinsic
stability of a molecule. This has been evidenced by a lower vibrational
zero point energy (ZPE) of deuterated polymers® and an increased
photoluminescence quantum yield (PLQY) of near-infrared emitters
owing to the lower non-radiative decay rate (k,,) through a reduced
reorganization energy (1) and exciton-vibration coupling (i.e. a smaller
Franck—Condon factor (F))”. To date, only few research has been
reported to study the improved molecular stability through deuterium
substitution in OLED applications™>*., For instance, Adachi and co-
workers reported a host material with deuterated carbazole donors
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that exhibited a 2-fold enhancement of device half lifetime, i.e. LTso at
an initial luminance of 1000 cd m™, from 17 h to 40 h compared to its
non-deuterated counterpart; while the isotopic effect has been shown
positive on the thermal stability and electroluminescence (EL) of TADF
emitters®’, the underlying mechanism of such effect has not yet been
studied in correlation with the corresponding device operational
stability. More importantly, to the best of our knowledge, studies on
deuterated single emitting materials are solely based on donor units of
TADF compounds®?**, or random deuteration of host materials®,
suggesting the capacity of fully deuterated materials, as well as the
position and degree of deuteration of different components of a
molecule with respect to the distances to potential bond breaking
sites, e.g. C-N bond*?, has yet to be unlocked.

In light of these, our interest focuses on the investigation of the
isotopic effect through independent deuteration of the donor and
acceptor units. We take advantage of the symmetrical, robust and rigid
oxygen-bridged triarylboron unit??® to study such effect in a series of
deuterated isotopic analogues, with a targeted deuteration of diphe-
nylamine (DPA) and/or phenoxy groups on the 5,9-dioxa-13b-bor-
anaphthol[3,2,1-de]anthracene (BO) moieties, namely DPA-BO, d-DPA-
BO, DPA-d-BO and d-DPA-d-BO (Fig. 1a). We conduct a comprehensive
study on the deuterated effect towards their photophysical behavior,
intrinsic stability and device operational lifetime. Under the irradiation
of a high-power lamp, we found that the photostability of the com-
pounds increases with the degree of deuteration as observed from the
time-dependent UV-vis and PL spectra in solution, neat film and doped
film, supported by theoretical studies where the increased BDE of the
C-D bond imposes an additive effect on the molecules. These results
suggest the important role of deuterated acceptor unit that is critical
to enhance the overall stability of the compounds, which is commonly
neglected due to their limited commercial availability and synthetic
difficulty. Based on this series of compounds, we observe a gradual
increase in the device operational stability and achieve the LTy of
23.4 h at the luminance of 1000 cd m™ for TADF-sensitized OLEDs. We
hope that the present study provides insights into further boosting the
device operational stability through the strategic deuteration of
luminescent compounds at the subatomic level.
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Fig. 1| Molecular structures and characterization of synthesized compounds. a Chemical structures of the investigated TADF emitters. b 'H NMR stacked spectra. ¢ *C

NMR stacked spectra.
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Results

Synthesis and characterization

Supplementary Fig. 1-3 illustrate the synthetic route for precursor
compounds BO, d-BO, and d-DPA. The series of deuterated isotopic
analogues was synthesized by Buchwald-Hartwig coupling reaction, as
shown in Supplementary Fig. 4, and well-characterized by 'H and
BC{'H} nuclear magnetic resonance spectroscopy and high-resolution
electrospray ionization mass spectrometry (Supplementary Fig. 5-21).
As expected, the proton signals of d-BO and d-DPA moieties are not
found in respective compounds, while a singlet peak centered at 6.52
ppm exists in all compounds which belongs to the protons on the
central aromatic ring (Fig. 1b). In addition, we have also observed the
peaks corresponding to the carbon atom bonded with deuterium
showing a weaker signal in the ®C-NMR spectra (Fig. 1c), possibly
attributed to the different magnetic moment of proton and deuterium.
Meanwhile, we observe a concomitantly drop in the absorption peak at
ca. 3040 cm™ and emergence of the peak at ca. 2280 cm™ in the
infrared (IR) spectra upon increasing the degree of deuteration, cor-
responding to the C-H and C-D bond sketches, respectively (Sup-
plementary Fig. 22a). These results are in good agreement with the
simulated IR spectra of the compounds (Supplementary Fig. 22b). The
TADF compounds also show high decomposition (T4) and glass tran-
sition (Tg) temperatures of over 340°C and 240 °C, respectively
(Supplementary Fig. 23 and Supplementary Table 1), proving to be
thermally stable enough to be applied as emissive dopants in vacuum-
deposited OLEDs.

Theoretical investigation

To gain insights into the nature of the absorption and emission
origins, the excited states involved in the TADF process, density
functional theory (DFT) and time-dependent density functional
theory (TDDFT) calculations were performed on these compounds.
The spatial plots of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of representative

HOMO

16.59 cm—1

39.61 cm—!

Fig. 2 | Theoretical investigation of the deuterated isotopologues. a Spatial
plots (isovalue = 0.03) of the HOMO and LUMO for the selective compound DPA-
BO at the optimized ground-state geometry. b Plots of computed reorganization
energies as a function of normal mode wavenumbers for S-S, of DPA-BO.

compound DPA-BO at the optimized ground-state geometry are
shown in Fig. 2, while those of other selected molecular orbitals are
illustrated in Supplementary Fig. 24-27. Apparently, the HOMOs of
these compounds are predominantly the m-orbitals localized on the
DPA moiety, while the LUMOs are predominantly the m* orbitals
localized on the BO moiety. Based on the simulated absorption
spectra of all compounds, as shown in Supplementary Fig. 28, and
their first fifteen singlet excited states listed in Supplementary
Table 2, we assign the low-energy absorption band to be originating
from the S; state with charge-transfer (CT) character from the DPA
moiety to BO moiety. The emission energies of the S; state are
estimated to be ca. 408 nm (Supplementary Table 3). Supplemen-
tary Fig. 29-31 illustrate the selected molecular orbitals of DPA-BO
at the optimized S;, Ty, and T, states geometry. Apparently, the S;
and T; states are of the CT character ({CT and CT, respectively)
while the T, state is of the localized state character (CLE). The
computed energy differences between the S; and T, states, i.e.
AE(S;-T;), and that between the S; and T, states, i.e. AE(T,-S;), are
found to be 0.22eV and 0.08 eV, respectively. Meanwhile, the
computed values of the spin-orbit coupling (SOC) matrix
elements®, <'CT|Hsocl’CT> and <'CT|Hsocl’LE>, are found to be
0.150 cm™ and 0.103 cm™, respectively. Although heavy atom could
improve the SOC, the same estimated SOC constants for all com-
pounds also imply an insignificant impact on the SOC upon deu-
teration of the compounds®.

To estimate the effect of deuteration, we compute the ZPE, and
the BDE of C-H (or C-D) bond at ground-state geometry as well as C-N
bond between donor and acceptor units, of the compounds at the So
and T; states. The ZPE of these compounds and DPA and BO precursor
compounds are listed in Supplementary Table 4, whereas the BDE of
the C-N bond and the C-H (or C-D) bond are summarized in Sup-
plementary Tables 5, 6. Regarding the C-N bond dissociation, the ZPE
decreases from 262.9 kcal mol™ to 226.1 kcal mol™ upon increasing the
degree of deuteration in general (Supplementary Table 4). It should be
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c lllustration of selected normal modes contributing to large reorganization ener-
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optimized at the MO6 level.

Nature Communications | (2023)14:6481



Article

https://doi.org/10.1038/s41467-023-42019-6

noted that the addition of ZPE values of DPA and BO precursor com-
pounds are not equal to the ZPE of the final compounds. The BDE of
the C-N bond at the S state is found to drop slightly upon deuterating
the compounds, whereas the values at the T; state do not show
apparent changes and are ca. 0.66 eV. The transition states of the C-N
bond dissociation of the T; state of DPA-BO and d-DPA-d-BO have been
located and their enthalpies of activation are summarized in Supple-
mentary Table 7. The enthalpies of activation are ca. 0.90 eV and they
show insignificant difference upon deuteration. Therefore, from both
the thermodynamic and kinetic aspects, deuteration of DPA-BO does
not strengthen the C-N bond, nor does it influence the rate of C-N
bond dissociation. On the other hand, the BDE of the C-D bond is
higher than that of the C-H bond by ca. 0.1eV. With multiple C-D
bonds existing in the compounds (i.e. 10 in d-DPA-BO, 8 in DPA-d-BO;
18 in d-DPA-d-BO), the additive effect should be appreciable, and
hence the proton abstraction reaction is thermodynamically less
favorable and subsequent formation of high molecular adducts is
probably suppressed>***, In short, upon deuteration of DPA-BO,
though the C-N bond is slightly weakened, the strengthening of mul-
tiple C-D bonds in the compounds is suggested to prevent most of the
proton abstraction reaction and subsequent radical formations. With
these calculated results, we anticipate that the higher degree of deu-
teration on both donor and acceptor units should exert a more pro-
minent effect on the device stability.

In addition, the effects of deuteration of the compounds on their
Huang-Rhys factor (§;), reorganization energy (4;), radiative (k;) and
nonradiative (k) decay rate constants have been investigated. The
plot of the computed 4; as a function of normal mode wavenumbers
of DPA-BO for S;-Sg is shown in Fig. 2b, whereas those of other
molecules are shown in Supplementary Fig. 32. It is obvious that the
is contributed predominantly by the low-frequency vibrational
modes under 50 cm™. The low-frequency vibrational modes of DPA-
BO areillustrated in Fig. 2c and those of other molecules are shown in
Supplementary Fig. 33 and 34. They are mainly the rotation of the
phenyl rings in both the DPA and BO moieties, which contribute
predominantly to the distortion of the S; geometry from the So
geometry. The displacement (AQ), Huang-Rhys factors (S;) and
reorganization energies of selected normal modes of the compounds
are summarized in Supplementary Tables 8, 9, and the computed k;
and k,, values are summarized in Supplementary Table 10. There is no
obvious trend in AQ, S; and A; upon the deuteration of the com-
pounds, and the k; (1.18 x 108s™) and k,,, (ca. 1.4 x 10"s™) are nearly the
same upon deuteration. Therefore, deuteration does not have sig-
nificant effect on k, and k,, in this case, resemblance to our photo-
physical studies.

To further investigate the possible intermolecular interactions in
the solid-state thin film, DFT calculation based on the dimer form of
DPA-BO has been performed at the M06 level of theory. The optimized
geometry of the dimer of DPA-BO is shown in Fig. 2d. The two planes of
the BO moieties are nearly parallel and they are separated with a dis-
tance of 3.26 A, which is within the separation between the 11t planes
(ca. 3.35A), indicating the presence of T—t interactions in the solid-
state thin film.

Photophysical and TADF properties

To well-characterize the electronic absorption, emissive and TADF
properties of the deuterated isotopic analogues, we conduct steady-
state UV-vis absorption and emission spectroscopy to study the
photophysical behavior in both solution and solid-state thin film.
Figure 3a shows the absorption and emission spectra of the com-
pounds in degassed toluene and Supplementary Table 11 summarizes
their photophysical data. In general, all compounds show moderate
absorption bands at ca. 280-320 nm and intense absorption bands at
375 nm, attributing to the spin-allowed intraligand (IL) T>Tt* transi-
tions of the BO and DPA moieties and ligand-to-ligand charge transfer

(LLCT) [m(DPA)~>1*(BO)] transitions, respectively?. Upon excitation
at 1>340 nm, all compounds feature a broad structureless fluores-
cence emission band with emission maxima peaking at 430 nm with a
decay lifetime of ca. 4.4 ns, which is assigned as originating from the
LLCT '[m(DPA)>T*(BO)] excited state. The effect of deuteration is
found to be insignificant towards the photophysical properties of the
TADF compounds, in agreement with the theoretical results. We also
look into the solvent-dependent emission behavior considering the
CT nature of the excited state of these compounds. Upon increasing
the solvent polarity from cyclohexane to dichloromethane, we
observe a bathochromic shift of the LLCT band maxima from ca.
400 nm to 470 nm (Supplementary Fig. 35), confirming the strong CT
character of the emissive state.

Next, we study the photophysical and TADF properties of the
compounds doped in bis[2-(diphenylphosphino)phenyl]ether oxide
(DPEPO) thin films. Table 1 summarizes the TADF characteristics of the
investigated compounds. The photoluminescence (PL) spectra recor-
ded at room temperature for DPA-BO at 5-20 wt% are shown in Sup-
plementary Fig. 36. It is clearly seen that the structureless blue
emission band exhibits a bathochromic shift upon increasing the
dopant concentration, suggesting a concentration-dependent beha-
vior arising from m-mt stacking of the BO moiety***. This could be
evidenced by the 3D images generated from time-of-flight secondary
ion mass spectrometry (ToF-SIMS) which give information on the
spatial localization of the host and emitting materials. Figure 3b shows
the ToF-SIMS characteristics of the representative 10 wt% DPA-BO in
DPEPO and those of the others are shown in Supplementary Fig. 37. In
these images, we directly observe that the TADF compounds are not
well-dispersed in the host matrix, indicating the presence of strong
intermolecular interactions in the solid state, consistent with our
computational results, which could possibly enhance the CT char-
acteristics of the compounds®. On the other hand, the PL transient
emission spectra recorded at low temperature and the steady-state
emission spectra at room temperature, representing the phosphores-
cence and fluorescence emission of the compounds doped at 10 wt% in
DPEPO (Supplementary Fig. 38), where an estimated AE(S;-T;) of ca.
0.08 eV is found for all compounds. As shown in Fig. 3¢, the transient
PL decay curves of these compounds can be well-fitted by the biex-
ponential model, in which the prompt and delayed lifetimes are found
to be ca. 3.5ns and 59-67 ps, respectively. We also analyze the
temperature-dependency of kgisc in 10 wt% of the compounds in
DPEPO. Based on the Arrhenius Eq. (2):

krisc =Aexp(—£,/Kgr) 2

where A is the frequency factor involving the SOC constant, £, is the
activation energy, and kg is the Boltzmann distribution, the estimated
E, values are in the range of 37-41 meV (Supplementary Fig. 39), much
smaller than the activation energy needed for reverse intersystem
crossing (RISC) at 300K (kgT=25.9 meV). The HOMO and LUMO
energies of these compounds, estimated by ultraviolet photoelectron
spectroscopy (UPS) (Supplementary Fig. 40) and UV-vis spectroscopy,
are also listed in Supplementary Table 11. These experimental results
are generally in line with the theoretical studies. Based on the above
theoretical and experimental results, we deduce that the small
AE(S;—-T,), together with the ineligible SOC constant®, suggest possi-
ble RISC process from the T, to S, states*>*. The schematic diagram of
the energy levels and SOC matrix elements between the S; and T,
states are shown in Fig. 3d.

Intrinsic photostability

To investigate the effect of deuteration on the intrinsic photostability
of the TADF compounds, we perform PL stability test on the com-
pounds under a continuous irradiation with a CW ozone-free xenon
arc lamp at room temperature. Supplementary Fig. 41 and 42 show
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Fig. 3 | Photophysical properties and spatial localization in DPEPO film.
a UV-Vis and PL spectra recorded in toluene (2 x 10~ M). b Spatial localization of
10 wt% DPA-BO (C30H»0BNO,", molar mass = 437.16 g/mol) doped in DPEPO

(C36H2805P5", molar mass = 570.09 g/mol). ¢ Prompt (inset) and delayed PL decay
of 10 wt% doped films. d Schematic diagram of the energy levels and SOC matrix
elements between the S; and T, states.

Table 1 | TADF characteristics of the investigated compounds

Compound Dp (%) D, (%)° Dy (%) Tp (ns)/ta (ps)° kot (107 s7')° kqs (10° s')° kisc 107 s krisc (10° s)°
DPA-BO 89.0 68.9 20.0 3.5/67.2 19.6 0.3 4.4 0.4
d-DPA-BO 88.3 67.1 21.1 3.4/56.8 19.2 0.3 4.6 0.4
DPA-d-BO 89.3 63.9 25.4 3.4/64.1 18.7 0.4 5.3 0.6
d-DPA-d-BO 90.2 68.8 21.4 3.4/59.5 20.1 0.4 4.8 05

“Absolute PLQYs evaluated under N, of 10 wt% DPEPO thin film (298 K).
PAbsolute PLQYs evaluated under air of 10 wt% DPEPO thin film (298 K).

°PL lifetimes of prompt (t,,) and delayed (1) decay components in 10 wt% DPEPO thin film (298 K).

Yo, prompt fluorescence rate constant™.
°kqr, delayed fluorescence rate constant™.
fkisc, intersystem crossing rate constant®.
Skrisc, reverse intersystem crossing rate constant™.

the UV-vis and PL spectra of the compounds in degassed toluene
solution. Apparently, the shape of the absorption and emission bands
remains unchanged, but the percentage of the CT absorption band at
ca. 370nm and the CT emission band at ca. 440 nm generally
decreases to a lesser extent upon increasing the degree of deutera-
tion, i.e., from 70.6% to 54.7% in the UV-vis spectra (Figs. 4a and 4b),
and from 91.4% to 81.9% in the PL spectra, indicating a positive deu-
teration effect on the photostability of the compounds®. Similar
observations are found for the compounds doped in DPEPO film
(Supplementary Fig. 43). To confirm the CT character in the absorp-
tion and emission bands, we perform in-situ EPR experiments and
observe the generation of N-radicals in the TADF compounds in

powder form. Supplementary Fig. 44 shows the time-dependent EPR
spectra of all compounds, where we observe the accumulation of
long-lived radicals during irradiation, and a single spin signal with g
value at 2.0030 that is consistent with the reported aminopyridine
radical®”?®%, To better understand the effect of deuterated emitters to
the photostability under a host-guest environment, we also perform
PL stability test of the TADF compounds doped in mCBP and the PL
intensity drop over time is shown in Figs. 4c and 4d. Upon increasing
the degree of deuteration, the percentage of the CT emission band
drops from 69.1% to 56.4%, further confirming the important role of
deuterated acceptors in addition to deuterated donors in the TADF
compounds.
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Fig. 5 | Device characteristics of the vacuum-deposited OLEDs based on 15 wt% of the compounds doped in DPEPO. a Device configuration and energy-level diagram.

b Normalized EL spectra. ¢ /-V-L plots. d EQE versus luminance.

Device characterization and correlation of intrinsic and opera-
tional stability

To confirm the TADF properties of the compounds, we fabricate a
series of vacuum-deposited devices based on the dopant concentra-
tion of 5-20 wt% in DPEPO exhibiting blue EL. Figure 5 shows the
device characteristics of 15wt% of the compounds doped in DPEPO,
while those of the others are shown in Supplementary Fig. 45 and
summarized in Table 2. Apparently, these devices exhibit a blue EL

emission peak (Ag ) at ca. 450 nm which corresponds to the CIE chro-
maticity coordinates of (0.15, 0.10). The high resemblance of the EL
spectra to the corresponding PL spectra indicates a well confinement
of excitons in the DPEPO host. As seen from the J-V-L device char-
acteristics, the devices exhibit maximum EQEs of over 17%, further
confirming the TADF properties of these compounds. Unfortunately,
these devices exhibit limited operational lifetime, probably due to the
close proximity of TADF molecules that lead to aggregated species and
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Table 2 | Device characteristics of the vacuum-deposited OLEDs based on the TADF compounds doped in DPEPO

Compound  Conc. Wt%)  Vor’ (V)  Lma’(cdm®  Ana’(Mm)  CIE' (X, y)  EQEmax/100/1000° (%)  Brouotf (%) CE°(cdA™)  PE"(ImW™)
DPA-BO 5 4.4 106 443 0.15, 0.08 11.6/1.3/- 88 53 3.7
10 3.7 282 449 0.15, 0.09 13.4/4.1/- 70 8.0 5.9
15 3.5 629 453 0.14, 0.1 16.5/6.2/- 54 12.4 11
20 3.3 1361 454 0.14, 0.12 17.1/7.01.7 60 14.6 13.5
d-DPA-BO 5 4.1 138 439 0.16, 0.08 13.1/1.9/- 85 7.3 515
10 3.6 342 446 0.15, 0.09 15.5/3.7/- 74 1.1 9.8
15 3.3 890 450 0.15, 0.10 15.1/5.6/- 63 13.6 12.7
20 3.2 18N 454 0.14, 0.1 14.6/6.1/2.1 59 14.0 13.7
DPA-d-BO 5 3.9 153 443 0.15, 0.08 12.4/3.2/- 76 4.2 2.8
10 3.4 451 449 0.14, 0.09 14.1/5.9/- 60 6.8 5.0
15 3.2 m 450 0.14, 0.10 15.6/7.8/2.4 50 9.3 8.2
20 3.2 1672 453 0.14, 0.1 14.8/8.6/3.5 42 9.4 7.6
d-DPA-d-BO 5 4.0 156 443 0.16, 0.07 13.5/2.1/- 85 7.2 5.4
10 3.6 456 446 0.15, 0.09 15.4/4.3/- 77 1.3 9.9
15 3.3 895 450 0.15, 0.10 16.3/6.0/- 64 14.8 13.8
20 3.2 1758 454 0.15,0.m 12.6/6.5/2.3 49 12.6 121
*Von represents turn-on voltage.
b max represents maximum luminance.
“Amax Fepresents peak maximum.
9CIE coordinates are taken at luminance of 100 cd m™.
°EQEnax represents maximum external quantum efficiency.
’Efficiency roll-off measured by Aopioff =1 = (EQE100/EQE max)-
9CE represents maximum current efficiency.
"PE represents maximum power efficiency.
the relatively long excited-state lifetime in solid-state thin film, as Discussion

evidenced above. In this regard, we turn to fabricate TADF-sensitized
OLEDs to study the relationship between the molecular intrinsic sta-
bility, based on isotopic effect, and device operational stability. The
device characteristics of vacuum-deposited TADF-sensitized OLEDs
with t-Bu-v-DABNA* or BN3*" as the emitter are illustrated in Fig. 6 and
summarized in Table 3. These devices exhibit sharp EL bands peaking
at ca.461 nm or 572 nm, respectively, with maximum EQEs of over 20%.
Notably, the device operational stability is found to follow the trend
upon increasing the degree of deuteration of the TADF compounds, in
which the LTsq of the devices are found to be increased from ca.20 h to
27 h at the luminance of 100 cd m™ for blue-emitting devices with CIE
coordinates of (0.13, 0.09). It is worth mentioning that we observe a
gradual increase in the LTy of the devices from ca. 12 h (DPA-BO), ca.
15 h (d-DPA-BO), ca. 19 h (DPA-d-BO) and ca. 23 h (d-DPA-d-BO) at the
luminance of 1000 cd m™, which represent about 20-fold increase
when compared to that based on BN3 only, i.e. 1.1 h. To have a better
understanding of these enhancements, we further investigate the
photolysis of the solid-state thin films of BN3 (10%) doped in mCBP,
and BN3 (10%) with DPA-BO (15%) doped in mCBP (Supplementary
Fig. 46). We observe an enhanced photostability in the presence of
DPA-BO, with the reduced drop in the PL intensity from 62.0% (BN3) to
46.6% (BN3 with DPA-BO), as well as a reduced delayed lifetime (from
224.2 ps to 196.3 ps), possibly attributed to the accelerated RISC
process. Finally, we also attempted to fabricate triplet-triplet upcon-
version (TTU) OLEDs based on this series of TADF compounds. The
discussion of the EL characteristics for these OLEDs is included in
Supplementary Note 1. The spatial localization of 3 wt% DPA-BO doped
in 9-(1-naphthalenyl)-10-(4-(2-naphthalenyl)phenyl)anthracene (BH) is
shown in Supplementary Fig. 47, while the EL characteristics are illu-
strated in Supplementary Fig. 48-50 and summarized in Supplemen-
tary Table 12-14; and the key performance of recently reported blue
OLEDs with CIEy < 0.1 is listed in Supplementary Table 15. Considering
the operational stability of the devices, similar observations have been
found in the TTU OLEDs, demonstrating the versatility of the current
approach to be applied to different types of devices.

In conclusion, we present the subatomic modification of TADF emitters
with targeted deuteration of donor and/or acceptor units and study the
deuterated effect on their photophysical behavior, intrinsic stability
and device operational stability. We found that the photostability of
the deuterated isotopic analogues increases with the degree of deu-
teration, attributed to the higher intrinsic stability of the molecules
with the increased number of deuterated substitutions through an
additive effect of the multiple C-D bonds. We demonstrate that the
deuteration of acceptor, in addition to a deuterated donor, is critical to
boost the device lifetime of LTyo from 15 h (deuterated donor only) to
23 h (deuterated donor and acceptor), an appreciable enhancement at
the luminance of 1000 cd m™. Given the lack of sufficient attention on
the effect of deuterated acceptors on enhancing the molecular stability
across the field, we envisage that our present work provides insights
and demonstrates the importance on modification of the chemical
structures of materials at a subatomic level towards prolonging the
device operational stability. Building upon our current study, we
anticipate that such strategy could be applied to highly emissive nar-
rowband multi-resonance TADF systems to fully harness the potential
of these promising candidates for OLED applications.

Methods

Materials

2,5-dibromo-1,3-difluorobenzene, potassium carbonate, sodium tert-
butoxide and tris(dibenzylideneacetone)dipalladium were pur-
chased from Leyan. Phenol, Aniline-ds and bromobenzene-ds were
purchased from Aladdin. Phenol-ds, diphenylamine and boron tri-
bromide were purchased from Sigma-Aldrich. Tri-tert-
butylphosphine was purchased from Adamas. All solvents were
purchased from General-Reagent. All commercially purchased che-
micals were used without any further purification.

Characterization of the TADF Compounds
'H and C{'H} NMR spectra were recorded by Bruker Avance 400
(400 MHz for 'H or 101 MHz for “C{'H} nuclei) Fourier-transform

Nature Communications | (2023)14:6481



Article

https://doi.org/10.1038/s41467-023-42019-6

(a)
30 27
E IMI
K] 5 |&]-43
>
3
- -5.7
2 -6.5
@
k=
w
-10 -9.5
(©) 600
. === Device 1
q —8—0O=Device 2
£
O 4
< 50
E
2
‘» 300
c
: i
[=]
€
g 150
S
o
0
2 4 6 8 10 12
Voltage (V|
(e) ge (V)
-2 -2.4 23
s
L 4 E 2| |2 |2
3w |
3 6™ 54 57 SRELL
B g
o
5 o |2
10 -9.5
(9) 1000
- el == Device 3 N
N —e— = Device 4 re
£ 800 { —4—"—Device 5
o i 7= Device 6
< Device 7
E
> 600 -
7
& 400-
(=]
g
= 200
S
o
o 4
0 2 4 6 8 10 12 14
Voltage (V)

Fig. 6 | Device characteristics of the vacuum-deposited TADF-sensitized OLEDs.
a, e Device configuration and energy-level diagrams. b, f Normalized EL spectra.

¢, g/-V-L plots. d, h Operational lifetime projected at 1000 cd m™. Devicel - t-Bu-v-
DABNA (1wt%) + DPA-BO (15 wt%), Device 2 - t-Bu-v-DABNA (1 wt%) + d-DPA-d-BO

(b)
Device 1
1.0 Device 2
1 0.84
w
o
& o6
®
§ 0.4
0.24
0.0
400 500 600
Wavelength (nm)
(d) 100
4 e Device 1
10 =Device 2
103*‘2
1025 _
SR
1008 3
10" §
102
103
0 5 10 15 20 25 30
(f) Time (h)
Device 3
1.0 A\ Device 4
Device 5
Device 6
d 0.81 Device 7
o
S 064
©
§ 0.4
0.24
0.0 +— —
500 700
Wavelength (nm)
10° (h) 100,
=Device 3
4 === Device 4
10 al 984 = Device 5
‘E =—Device 6
10° o 96 Device 7
3§ 96;
035
§ 5 o4
10" £ -
£
3
10° - 924
107! 20
0 5 10 15 20 25
Time (h)

(15 wt%), Device 3 - BN3 (10 wt%) + DPA-BO (15 wt%), Device 4 - BN3 (10 wt%) + d-
DPA-BO (15 wt%), Device 5 - BN3 (10 wt%) + DPA-d-BO (15 wt%), Device 6 - BN3 (10 wt
%) + d-DPA-d-BO (15 wt%), Device 7 - BN3 (10 wt%). All devices were doped in mCBP.

NMR spectrometer with chemical shifts reported relative to tetra-
methylsilane (6 = 0 ppm) in chloroform and dimethyl sulfoxide. High
resolution electrospray ionization (ESI) mass spectra were recorded
by Thermo Scientific Exactive Benchtop LC/MS Orbitrap Mass
Spectrometer. FT-IR spectra were measured by infrared spectro-
photometer (Thermo Scientific Nicolet iS 50) from 4000 cm™ to
400cm™.

Absorption, emission spectra and PLQY measurements

The UV-vis absorption spectra were recorded by Cary 500 UV-vis
(Agilent Technology) spectrophotometer equipped with a xenon flash
lamp. Steady-state excitation and emission spectra were recorded by

Edinburgh Instruments Ltd FS5 spectrofluorometer. Delayed emission
spectra were recorded by Edinburgh Instruments Ltd LP 980 transient
absorption spectrometer. Liquid nitrogen was placed into Optistat DN
(Oxford Instruments) for temperature-dependent measurements
(77-298 K). Solid-state photophysical measurements were also per-
formed for vacuum-deposited thin films inside Optistat DN. Excited-
state lifetimes of solution and thin film of samples were measured in a
conventional laser system. The excitation source was EPL-375 from
Edinburgh Instruments which is a laser with wavelength ranging from
369 to 381 nm and output power (pulsed) of 0.11 to 0.15 mW. Lumi-
nescence decay signals were recorded by FLS 980 and analyzed by
exponential fitting model. Absolute PLQYs in thin films were measured
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Table 3 | Device characteristics of the vacuum-deposited TADF-sensitized OLEDs

Device Von'(V) Lma’(cdm?®) Ama’(mm) CIE‘(xy)  EQEmaxsicon000° (%)  Brouorf (%) CE°(cdA™) PE"(ImW™) LTeo'(h) LTso' (h)
1 3.4 10399 462 013,010  5.1/42/3.4 33 46 41 - 19.7

2 3.4 10689 461 013,0.09  5.0/42/3.4 32 43 3.8 27.3

3 2.5 31763 572 0.50,0.50  19.5/14.2/3.8 81 70.4 80.2 12.3

4 2.6 30854 572 0.49,0.50  20.9/12.8/3.4 84 75.1 82.9 15.4

5 2.6 29697 571 050,050  16.5/13.1/3.5 79 59.9 64.8 19.1

6 2.5 30426 572 0.50,0.50  18.5/15.1/3.6 81 67.7 76.9 234

7 2.7 22658 572 050,050  15.2/10.2/2.2 86 56.3 58.0 11

*Von represents turn-on voltage.

PLnax FEPresents maximum luminance.

“Amax Fepresents peak maximum.

9CIE coordinates are taken at luminance of 100 cd m™.
*EQEax represents maximum external quantum efficiency.
fEfficiency roll-off measured by Aoii.off =1 = (EQE1000/EQEmax)-
9CE represents maximum current efficiency.

"PE represents maximum power efficiency.

‘Operational lifetime projected at 1000 cd m™

by Hamamatsu Quantaurus-QY Absolute PL quantum yield spectro-
meter C11347-11.

Ultraviolet photoelectron spectroscopy

The UPS data were measured using X-ray photoelectron spectrometer
(ThermoFischer, ESCALAB Xi*) under the operational vacuum pressure
of 8 x 107° Pa and energy of power source of 21.22 eV (Hel excitation
source). Operating voltage was 12.5 kV and the accumulated signal was
obtained in 10 cycles.

Thermal analysis measurements

Thermogravimetric analysis was performed by Mettler TGA2 thermo-
gravimeter where the sample weight losses were measured from 25 °C
to 100 °C (kept at 15 min) then to 800 °C at a rate of 10 °C/min under
nitrogen. Differential scanning calorimetry was carried out in Smar-
tLab (Rigaku) by heating the samples from 50 °C to 350 °C at a rate 10
°C/min, followed by cooling process at the same rate. The samples
were heated in two different cycles.

Photolysis measurements

2 x107° M of each compound in toluene solution was added to a quartz
cell with path length of 1.0 cm, whereas the compounds doped in
mCBP thin film were prepared by vacuum evaporation system FS-450.
They were photo-irradiated with broadband light by using a xenon
lamp (300W, CEL-PF300-T6). The UV-vis absorption and photo-
luminescence spectra were recorded during photolysis over time. The
compounds in neat film were fabricated in vacuum evaporation system
FS-450 and photo-irradiated with broadband light from 150 W ozone-
free xenon arc lamp in Optistat DN.

Electron paramagnetic resonance

EPR measurements were performed with a Bruker A300 in nitrogen
condition at room temperature. 5 mg of samples were weighed into
the paramagnetic tube tested with light source 355 nm laser power 3 W
light source model AO-L-355 and using solid 1,1-diphenyl-2-picrylhy-
drazyl as internal standard. A total of 12 data points of each sample was
acquired in every 5 min for 1 h and 12 data points of selected samples
were acquired every 30 min for 5h.

Time-of-flight secondary ion mass spectrometry

The emissive layer was formed by co-depositing respective TADF
compounds, DPEPO and BH at different concentrations, with the
thickness of 200 nm. ToF-SIMS was carried out in Nano TOF 2
instrument (ULVAC-PHI, Japan) equipped with bismuth as the pri-
mary ion source as well as Ar/GCIB/Cs ion as sputter source. The ToF-

SIMS data was acquired on an area of 100 x 100 pm? by using 30 keV
Bi primary ion beam, followed by a 3 s/cycle sputter of a 400 x 400
pum? area using 3 keV Ar ion beams. The sputter rate is 0.3 nm/s (Ar*)
for SiO,. The sample holder with samples was sealed in a container
filled with Ar gas and transferred into the instrument immediately
before testing.

Computational details

DFT and TDDFT calculations were carried out with the Gaussian
16 suite of programs*. By DFT, the ground-state (So) geometries of
DPA-BO, d-DPA-BO, DPA-d-BO and d-DPA-d-BO were fully optimized in
toluene with the hybrid Perdew, Burke, and Ernzerhof (PBEO)
functional****, in conjugation with the polarization continuum model
(PCM)**, TDDFT**° calculations at the same level associated with
PCM were then carried out on the optimized So geometries to com-
pute the singlet-singlet transitions in the electronic absorption spectra
of the compounds. Simulated absorption spectra of the compounds
were generated by Multiwfn 3.8 In order to gain insights into the
excited states involved in thermally activated delayed fluorescence,
the geometries of the lowest-lying singlet excited state (Sy), lowest-
lying triplet excited state (T;) and second lowest-lying triplet excited
state (T,) of the compounds were optimized using TDDFT with the
PBEO functional****. On the basis of the optimized geometries, vibra-
tional frequencies were calculated and all stationary points were ver-
ified to be minima on the potential energy surface, as there were no
imaginary frequencies observed (NIMAG =0). The Cartesian coordi-
nates of the optimized ground- and excited-state geometries are given
in Supplementary Table 12-21. For all calculations, the 6-31 G(d,p) basis
set*>* was employed for all elements. A pruned (99,590) grid was used
for numerical integration. Spin-orbit coupling (SOC) calculation was
performed using the ORCA 5.0.3 program by quasi-degenerate per-
turbation theory from TDDFT?. SOC matrices of all the compounds
between the singlets and triplets were calculated and printed with
B3LYP/def2-TZVP method in gas state, from which the total spin-orbit
coupling matrix elements (<S|Hsoc|T>) were calculated®>. On the
basis of the optimized Sy geometries, the zero-point energies of the
compounds and their respective donors and acceptors moieties were
calculated using Multiwfn 3.8%, while the bond dissociation energies
were calculated at the M06-2X/6-311++ G(d,p) level”. Based on the
optimized So and S; geometries, the displacement (AQ), Huang-Rhys
factors (§;) and reorganization energies (4;) of the normal modes of the
compounds were calculated by the Molecular Materials Property Pre-
diction Package (MOMAP)*, In order to investigate the intermolecular
interactions in the solid-state thin film, geometry optimization of the
dimer of DPA-BO has been performed at the M06/6-31 G(d,p) level.
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Device fabrication and characterization

DPEPO-based devices were prepared with the configuration of ITO/
HATCN (10 nm)/TAPC (40 nm)/TCTA (10 nm)/MCP (10 nm)/x wt% TADF
compounds:DPEPO (25 nm)/TPBi (40 nm)/Liq (1nm)/Al (100 nm), in
which HATCN, TAPC/TCTA, MCP, TPBi and Liq were used as hole-
injection, hole-transporting, electron-blocking, electron-transporting
and electron injection layers, respectively. The emissive layer was
formed by co-depositing respective TADF compound and DPEPO at
different concentrations. For TADF-sensitized OLEDs, devices were
prepared with architectures of ITO/HATCN (10 nm)/NPD (40 nm)/Tris-
PCz (10nm)/1wt% t-Bu-v-DABNA:15wt% TADF compounds:mCBP
(25 nm)/T2T (10 nm)/BPy-TP2 (40 nm)/Liq (1 nm)/Al (100 nm) and ITO/
HATCN (5 nm)/NPD (30 nm)/BCzPh (10 nm)/10 wt% BN3:15 wt% TADF
compounds:mCBP (25 nm)/CzPhPy (10 nm)/DPPyA (30 nm)/Liq (1 nm)/
Al (120 nm). For TTU OLEDs, devices were fabricated with the archi-
tecture of ITO/3wt% p-dopant:HTL1 (10 nm)/HTL1 (50 nm)/HTL2
(5 nm)/emissive layer (20 nm)/ETLI (5 nm)/50 wt% Liq:ETL2 (30 nm)/Liq
(2nm)/Al (120 nm), in which the emissive layer was built by co-
depositing 3 wt% of respective TADF compound and BH host simulta-
neously. All OLEDs were fabricated on the pre-patterned ITO-coated
glass substrates with sheet resistance of 15 Q per square. The substrates
were cleaned with Decon 90, rinsed with deionized water and ethanol,
then dried in an oven, and finally treated in an ultraviolet ozone
chamber for 20 min before loading into a vacuum evaporation system.
The films were sequentially deposited at a rate of 0.1-0.2nms™ at a
pressure of ca. 3 x 107 Torr without vacuum break. A shadow mask was
used to define the pixel size of 0.09 cm? The thickness and deposition
rate were monitored in situ during deposition by an oscillating quartz
thickness monitor. Current density-voltage—luminance characteristics
and EL spectra were measured with a Keithley 2400 semiconductor
characterization system. The operational lifetime of the OLED devices
was measured by a PR-OLEDLT-16 OLED aging tester.

Measurement of transient electroluminescence

Transient EL data were obtained using Tektronix AFG 1062 signal
generator working under pulse mode, with 10 KHz repetition rate, 10%
duty cycle, to excite the sample. The resulting EL signal was detected
by Zolix OmniFluo990-H which integrated with sample chamber,
monochromator, PMT (CR131, response time 2.2ns), and signal
acquisition device DSC900PC.

Data availability
The data generated in this study are provided in the Supplementary
Information. Source data are provided with this paper.
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