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Highly efficient blue electroluminescence based
on TADF emitters with spiroacridine donors:
methyl group effect on photophysical propertiesy
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The methyl group plays an important role in the regulation of the photoluminescence and electro-
luminescence properties of thermally activated delayed fluorescence (TADF) emitters. In this work,
a new type of methyl effect was revealed by designing donor—accepter—donor (D-A-D) type TADF
systems with decorating methyl groups at the ortho-position of the donor units. Different from previous
work in which the methyl groups at the ortho-position resulted in improved TADF properties, the
insertion of methyl groups in this work led to the reduction of the molecular rigidity, the photo-
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luminescence quantum yield (PLQY) and the ratio of delayed fluorescence, as well as the extension of
the lifetime of delayed fluorescence. The unusual changes of the photoluminescence behavior were
well explained by theoretical simulations and further verified by the performance in electroluminescence
devices. The blue organic light-emitting diodes (OLEDs) based on the new emitters achieved a
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1. Introduction

In the last decade, thermally activated delayed fluorescence (TADF)
materials have been extensively studied as excellent emitters for
organic light-emitting diodes (OLEDs) due to their outstanding
photoelectric properties." TADF materials can transform a triplet
exciton into a singlet exciton through the efficient reverse
intersystem crossing (RISC) process and then experience a
radiative process to give out delayed fluorescence, thus enabling
OLEDs with a theoretical 100% internal quantum efficiency
(IQE).> The ideal TADF materials can be defined as those
emitters that have a high photoluminescence quantum yield
(PLQY), a short lifetime (7q) and a high ratio (ry) of delayed
fluorescence.® To obtain these properties, it is necessary to
precisely design the molecular structure to regulate the behavior
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maximum external quantum efficiency (EQE) of 19.3%.

of the excited state as even small changes can obviously affect
the photophysical and electroluminescence (EL) performance.

Serving as the smallest alkyl group, the methyl group
demonstrates a weak hyperconjugation effect and a steric
hindrance effect when linked to an aromatic ring.* The methyl
group plays an important role in the design of TADF materials
where three types of methyl effects can be concluded.>*° Type
1: the introduction of methyl groups can effectively improve
the luminescence performance of TADF materials. The Adachi®
and Monkman® groups have revealed that methyl decorated
molecules displayed more ideal TADF properties. Type 2: the
introduction of methyl groups can switch on the TADF feature
in some systems, clearly indicating the small group but the
remarkable effect. Ding’” and Li® et al. have proved that methyl
groups can be the key for the activation of the RISC channel.
Type 3: methyl groups can even switch off the TADF behavior
and turn on the room temperature phosphorescence (RTP).
Bryce® and Kim'® both have found that introducing methyl groups
can be unfavorable for the RISC process such that the delayed
fluorescence cannot be generated.

In type 1, the sole decoration of the methyl group at the
ortho-position of the donor units in TADF materials usually
meant the improvement of the molecular rigidity, PLQY and
ratio of delayed fluorescence, and the shortening of the lifetime
of delayed fluorescence. In this work, diphenyl sulfone (DPS)
and 10H-spiro[acridine-9,8’-indolo[3,2,1-de]acridine] (SAIA) were
used as the acceptor and donor units to design TADF molecules.

This journal is © The Royal Society of Chemistry 2022
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The two methyl groups were linked on two phenyls at the ortho
position of the donor SAIA to obtain multiple beneficial effects to
achieve more efficient blue-shifted emission. To our surprise,
different results were found in this work. The measured photo-
physical properties of the two emitters (DPS-SAIA and Me-DPS-
SAIA) revealed that the emission band of Me-DPS-SAIA with
decorated methyl groups did demonstrate an obvious blue shift.
However, the molecular rigidity, the rate constant of the RISC
process, and the PLQY were all reduced, which are not quite the
same as the previous results of the type 1 methyl effect. The
theoretical simulation proved the enlarged energy gap (AEsy)
between the excited singlet-triplet (S,-T,) state, and the more
flexible configuration in Me-DPS-SAIA, which are consistent with
the photophysical properties of the prolonged lifetime of delayed
fluorescence and a decreased PLQY. Moreover, the electro-
luminescence performance of the two emitters further confirmed
the unexpected methyl effect.

2. Results and discussion
2.1 Molecular design and synthesis

In this work, a fixed and three-dimensional unit of 10H-spiro-
[acridine-9,8'-indolo[3,2,1-de]acridine] (SAIA) with the integra-
tion of acridine and phenyl-carbazole was used as the electron
donor and diphenylsulfone (DPS) was used as the electron
acceptor. The direct combination of the two SAIA donors
and one DPS acceptor constructed the D-A-D type molecule
of DPS-SAIA. To investigate the methyl effect, two methyl
groups were settled at the ortho position of the two SAIA donors
and the control molecule of Me-DPS-SAIA was designed. The
two methyl substituents were decorated to fine tune the weak
electron-donating ability of the acceptor and the photophysical
properties of the two designed emitters.

The synthetic routes for the donor SAIA and the target
compounds of DPS-SAIA and Me-DPS-SAIA are shown in
Scheme 1 and Scheme S1 (ESIT). The donor SAIA was synthe-
sized through the classical pathway for the construction of the
spiroarcridine unit. DPS-SAIA and Me-DPS-SAIA were synthe-
sized via a one-step Pd-catalyzed Buchwald-Hartwig C-N cross-
coupling reaction. SAIA, DPS-SAIA, and Me-DPS-SAIA were
characterized by "H NMR spectroscopy, and high-resolution
mass spectrometry (HRMS) (see ESL Fig. S1-S7).

2.2 DFT calculations

Calculations based on density functional theory (DFT) and time-
dependent DFT were conducted to simulate the ground (S,) and
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Scheme 1 Synthetic routes for DPS—SAIA and Me—-DPS—-SAIA.
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excited molecular structures and properties.'* The ground state
molecular structures were optimized at the B3LYP/6-31G(d,p) level
of theory. The energy gaps between the S; and T, states were
calculated using the PBEO/def2-SVP theory. The configuration of
the S, state was calculated at the B3LYP/def2-SVP level.

The molecular configurations and orbital distributions of
the two molecules are shown in Fig. 1. It can be seen that both
the two molecules exhibited distorted arrangements between
the donor and acceptor units in the ground state. The dihedral
angles between the diphenylsulfone and acridine units were
both close to 90° for DPS-SAIA and Me-DPS-SAIA (Fig. S8,
ESIf). The twisted D-A link mode facilitated the efficient
separation between the HOMOs and LUMOs, with the HOMOs
mainly located on the acridine unit and the LUMOs mainly
centered on the diphenylsulfone unit. The limited overlap
(on the acridine unit) between the HOMO and LUMO in the
two molecules implied the small AEgy values and the possible
activated reverse intersystem crossing.

For the ground and excited energy levels, the simulated
HOMO energy levels are identical (—5.25 eV) for the two
molecules, which can be ascribed to the same donor unit and
the similar HOMO distribution. Due to the weak electron-
donating ability of methyl groups, the electron-withdrawing
ability of diphenylsulfone in Me-DPS-SAIA is slightly weakened
so that the LUMO energy level (—1.72 eV) of Me-DPS-SAIA is
shallower than that (—1.84 eV) of DPS-SAIA. The natural
transition orbital analysis demonstrated the charge transfer
feature of the S; states of DPS-SAIA and Me-DPS-SAIA (Fig. 2).
It can be expected that the relatively weaker electron-
withdrawing ability of Me-DPS may lead to the weaker charge
transfer strength, matching well with the simulated results of a
relatively lower S; state energy level of 2.97 eV for DPS-SAIA
but a higher energy level of 3.09 eV for Me-DPS-SAIA. The
simulated T, state energy levels of DPS-SAIA and Me-DPS-SAIA
were 2.95 and 2.97 eV, respectively. As a result, the twisted
D-A-D arrangements in the two molecules enabled small AEgys
of 0.02 eV for DPS-SAIA and 0.12 eV for Me-DPS-SAIA, which
could efficiently facilitate the RISC process.

Then the comparison between the optimized ground state
and excited state configurations of the two molecules was
conducted (Fig. S8, ESIf). The geometries of the S; and S,
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Fig. 1 The optimized molecular conformations, frontier molecular orbital
distributions and energy levels of DPS—SAIA and Me—-DPS-SAIA.

J. Mater. Chem. C, 2022,10, 4614-4619 | 4615


https://doi.org/10.1039/d1tc04939a

Published on 26 November 2021. Downloaded on 6/1/2024 5:09:28 PM.

Journal of Materials Chemistry C

“Hole” “Partical”

¢
{ \" 91% wbe

DPS-SAIA W : 5%, s

o L

]
P(7 o 92%
Me-DPssm% % S;—§ :

Fig. 2 The natural transition orbitals of DPS—SAIA and Me—-DPS-SAIA.

states showed the deformation of the two emitters (Fig. S9,
ESIt), and the root-mean-square-deviation (RMSD)"* values of
DPS-SATA and Me-DPS-SAIA were 0.37 and 0.47 A, respectively,
indicating that the insertion of methyl groups introduced more
flexibility in Me-DPS-SAIA. This result is contrary to our
expectations. The further analysis revealed that the RMSD
values between the donor SAIA at S, and S, states derived
from DPS-SAIA and Me-DPS-SAIA were 0.08 A and 0.11 A,
respectively, while the values between the acceptor DPS and
Me-DPS at S, and S states were 0.08 A and 0.13 A, respectively.
The analysis of the dihedral angles between the sulfonyl group
and the adjacent phenyl groups in the optimized ground state
and excited state configurations revealed the enhanced struc-
ture rotation of the diphenylsulfone unit in Me-DPS-SAIA
compared to that in DPS-SAIA (Fig. S10, ESIt). The inserted
methyl groups with weak electron-donating ability affected the
optimized configurations of the acceptor unit and further
caused the increased flexibility of the whole molecule. The above
results indicated that the inserted methyl groups resulted in more
configuration changes of the donor and acceptor units after
excitation.

2.3 Thermal and electrochemical properties

Thermogravimetric analysis (TGA) and differential scanning
calorimeter (DSC) measurements were then conducted to eval-
uate the thermal properties of the two materials. As shown in
Fig. 3, DPS-SAIA and Me-DPS-SAIA both revealed good thermal
stability with the decomposition temperatures (T4, defined as
5% weight loss) over 500 °C. No T, was detected during the DSC
experiments for the two compounds, demonstrating their high
morphological stability.
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Fig. 3 (a) TGA curves and (b) cyclic voltammetry curves of DPS—SAIA and
Me-DPS-SAIA.
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The cyclic voltammetry curves of the two compounds in
dichloromethane solutions were measured to evaluate the
frontier molecular orbital energy levels. Determined by the
onset of the oxidation curves, the HOMO energy levels of
DPS-SAIA and Me-DPS-SAIA were —5.17 eV and —5.16 eV,
respectively, well matching with the same donor unit in the
two molecules. The LUMO energy levels obtained from Exomo
and E, were —2.20 eV for DPS-SAIA and —2.14 eV for Me-DPS-
SAIA, consistent with the trend of the theoretical simulation.

2.4 Photophysical properties

To further confirm the TADF feature of the two emitters,
photophysical properties were then investigated. As shown in
Fig. 4a and b, the strong absorption band with a wavelength
shorter than 370 nm can be ascribed to the localized state
transitions, and the relatively broad absorption band from
370 to 400 nm can be attributed to the intramolecular charge
transfer (ICT) transitions of the two compounds. The fluores-
cence spectra of the two molecules in toluene solutions
revealed the broad structureless emission, demonstrating the
typical charge transfer feature of the S; states. With the
decoration of two methyl groups in Me-DPS-SAIA, a weakened
charge transfer S, state was found and the emission peak
(442 nm) in toluene solution revealed a slight blue shift
compared to that (447 nm) of DPS-SAIA. The phosphorescence
spectra measured at 77 K of the two compounds showed fine
emission bands, indicating that the T; state originated from the
locally excited (LE) transition. Compared to the measured
phosphorescence spectra of the donor and acceptor units at
77 K, it can be concluded that the LE featured phosphorescence
of the two molecules was derived from the donor unit (SAIA)
(Fig. S11, ESI}). Determined from the onset of the fluorescence
and phosphorescence spectra, the Eg;/E, values were calculated to
be 3.04/3.01 eV for DPS-SAIA and 3.09/3.02 eV for Me-DPS-SAIA.
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Fig. 4 (a) UV-vis absorption, fluorescence (room temperature) and phos-
phorescence (77 K) spectra of 107> M Me-DPS—SAIA in toluene solution.
(b) UV-vis, fluorescence (room temperature) and phosphorescence (77 K)
spectra of 107> DPS—SAIA in toluene solution. The transient photo-
luminescence decay curves of Me—DPS-SAIA (c) and DPS—-SAIA (d) in
toluene solutions.
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Sufficiently small A Esy values (0.03 eV for DPS-SAIA and 0.07 eV for
Me-DPS-SAIA) were obtained in the two emitters, indicating that
the RISC channel can be activated.

To confirm the TADF mechanism, the steady and transient
photoluminescence spectra of DPS-SAIA and Me-DPS-SAIA in
aerated and degassed toluene were then measured. The steady
emissions of the two emitters in toluene solutions were
both enhanced after degassing (Fig. S12, ESIt). According to
transient decay measurements, both the emitters exhibited
microsecond-scale emission and nanosecond-scale emission
in deoxygenated toluene (Fig. 4c and d). The long-lived compo-
nents of the two emitters were totally quenched after being
exposed to air, clearly revealing that the microsecond-scale
emission was derived from the excited triplet states. Taking a
comparison of the transient photoluminescence decay of the
two emitters in toluene, we can find that the delay ratio (31%)
of DPS-SAIA without decorating methyl groups was higher than
that (20%) of Me-DPS-SAIA. The smaller AEgy value enabled
DPS-SAIA to exhibit a shorter long-lifetime but a higher ratio of
delayed fluorescence to that of Me-DPS-SAIA, implying the
more efficient RISC channel without decorating methyl groups.

To simulate the emissive behavior in OLEDs, the basic
photophysical properties of DPS-SAIA and Me-DPS-SAIA in
bis[2-(diphenylphosphino)phenyl]-ether oxide (DPEPO) doped
films were measured. As shown in Fig. 5a, the 12 wt% DPS-SAIA
and Me-DPS-SAIA doped films emitted structureless blue light
with the emission peaks centered at 460 and 449 nm, respec-
tively. The broad emission bands with full widths at half
maxima of 75 nm for DPS-SAIA and 78 nm for Me-DPS-SAIA
revealed the typical charge transfer S, states of the two emitters.
The transient photoluminescence spectra of the two doped
films were also measured (Fig. 5b and c), both demonstrating
nanosecond-scale and microsecond-scale transitions. The
double fluorescence components clearly identified the TADF
mechanism. The delayed fluorescence ratio (33%) of DPS-SAIA
was higher than that (13%) of Me-DPS-SAIA, further revealing
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Fig. 5 (a) The fluorescence spectra of 12 wt% DPEPO doped films at room
temperature. The transient photoluminescence decay curves of (b) 12 wt%
Me-DPS-SAIA and (c) 12 wt% DPS—-SAIA in DPEPO doped films at room
temperature.
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the more efficient RISC channel of DPS-SAIA in the doped
films. To visually prove the luminescence mechanism, the steady
and transient photoluminescence spectra of the two doped films
at different temperatures were measured (Fig. S14, ESIf). The
temperature-sensitive long-lived emission strongly confirmed the
thermally activated delayed fluorescence mechanism in the two
emitters.

The PLQYs of DPS-SAIA and Me-DPS-SAIA doped DPEPO
films were 66% and 60%, respectively. The relatively lower
PLQY value of Me-DPS-SAIA doped DPEPO films matched well
with the simulation results of the methyl-induced flexibility.
To better evaluate the delayed fluorescence behavior, the rate
constants of intersystem crossing (ISC), reverse intersystem
crossing, singlet radiative and non-radiative transitions were
calculated based on the basic photophysical data measured at
room temperature. The larger AEgr value resulted in the slower
RISC process (1.1 x 10> s~') in Me-DPS-SAIA to that (2.3 x
10° s7') in DPS-SAIA. In addition, the radiation transition rate
constants of the S, state (k. s) were 2.1 x 10" s~ for DPS-SAIA
and 1.0 x 10”7 s' for Me-DPS-SAIA. All the photophysical
property data are listed in Tables 1 and 2.

2.5 Device performances

The obvious TADF properties of DPS-SAIA and Me-DPS-SAIA
enabled them to be suitable emitters for fabricating blue
OLEDs. The optimized OLEDs based on the two emitters were
fabricated with the device configuration of ITO (80 nm)/MoO3
(1 nm)/TAPC (45 nm)/mCP (10 nm)/DPEPO: emitter (12 wt%)
(20 nm)/3TPYMB (50 nm)/LiF/Al (Fig. 6a, Fig. S16, ESIT). ITO
and Al were used as the anode and the cathode, respectively;
molybdenum trioxide (MoO;) and LiF served as the hole and
electron injection layers, respectively; 1,1-bis[(di-4-tolylamino)-
phenyl]cyclohexane (TAPC) was used as the hole transport layer;
tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane (3TPYM) acted as
the electron transport and hole blocking layers; 1,3-di(9H-carbazol-
9-yl)benzene (mCP) served as the electron barrier layer. Moreover,
12 wt% DPS-SAIA or Me-DPS-SAIA doped into the DPEPO host
was the emitting layer (EML) in the device.

The introduction of methyl substitutions in Me-DPS-SAIA
resulted in the blue-shifted photoluminescence and the same
trend was found in the electroluminescence spectra (Fig. 6b,
Table 3). The maximum emission peaks of DPS-SAIA and
Me-DPS-SAIA were 474 and 458 nm, respectively. The sole blue
emission indicated the efficient energy transfer from the
DPEPO host to the TADF guests. The DPS-SAIA-doped device
revealed a relatively higher maximum EQE (19.3%) than that of
the Me-DPS-SAIA-based device (17.1%). To explain the rela-
tively high EQEs to the moderate PLQYs, the angle dependent p-
polarized photoluminescence intensity measurements were
then measured for DPS-SAIA and Me-DPS-SAIA in the DPEPO
host (12 wt%). The experimental ©//s were both estimated to be
85% for the two doped films (Fig. S17, ESIt), which are much
higher than that of the 67% of isotropic emitters. It is clear that
the demonstrated high @//s could enable the effective optical
out-coupling efficiency to guarantee the high electrolumines-
cence performance. The EQEs of the two emitter-based devices
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Table 1 Photophysical data of DPS—SAIA and Me—-DPA-SAIA in toluene solutions

Compound Aabs” (Nm) Jpr® (nm) Enomo” (eV) Eromo’ (eV) Eg” (eV) Esi“ (eV) Er,° (eV) AEgst” (eV)
DPS-SAIA 355, 378 447 —5.17 —2.20 2.97 3.04 3.01 0.03
Me-DPS-SAIA 356, 375 442 —5.16 —2.14 3.02 3.09 3.02 0.07

“ Measured in toluene solutions (107> M) at 298 K. 5 The Eyomo values were calculated from cyclic voltammetry curves, and the E, values
(the optical energy gap) were obtained from the onset of the absorption spectra, Erymo = Enomo t+ Eg. © Estimated from the onset of the fluorescence
(room temperature) and phosphorescence spectra (77 K) in toluene solutions (10> M).

Table 2 Photophysical data of 12 wt% DPS—SAIA and Me—-DPA-SAIA in DPEPO doped films

a b b ¢ ¢ d 7 -1 d 4 -1 d 7 -1 d 5 -1 e 7 -1 e 6 -1
Compound  Pp” (%) P,° (%) Pg” (%) 1p° (ns) 74° (us) kp" (10 s ) ka® (10 s ) kysc” (10 s ) krisc” (10 8 ) ks’ (10 s ) knrs® (10 5 )
DPS-SAIA 66 44 22 20.8 6.6 4.8 15.2 1.6 2.3 2.1 11.0
Me-DPS-SAIA 60 52 8 50.8 10.5 2.0 9.5 2.6 1.1 1.0 6.9

“ Total PLQY (&py) of 12 wt% emitter-doped DPEPO film. ” PLQYs of the prompt (®,) and delayed (¢4) components. ¢ Lifetimes of the prompt (z,,)
and delayed (zq) fluorescence. ¢ The rate constants of ISC (kisc) and RISC (krisc) processes. © The rate constants of singlet radiative (k.s) and

non-radiative (ky,,s) transitions.
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Fig. 6 (a) Device configuration and the energy level diagrams. (b) The EL
spectra of DPS-SAIA and Me—-DPS-SAIA-based devices. (c) Current den-
sity—voltage—luminescence (J-V-L) characteristics of the fabricated
devices. (d) EQE-PE-L curves of the fabricated devices.

Table 3 Summary of the EL properties of 12 wt% doped devices

EQEmaxa ELpeark PEmaxb,1 CEmaxC, d
Emitter (%) (nm) (ImwW ) (cdA ) CIE“(X,Y)
Me-DPS-SAIA  17.1 464 13.8 27.0 (0.14, 0.16)
DPS-SAIA 19.3 472 18.1 30.4 (0.15, 0.20)

¢ Maximum external quantum efficiency. * Maximum power efficiency.
¢ Maximum current efficiency. ¢ CIE coordinates.

can remain 16.2% for DPS-SAIA and 13.1% for Me-DPS-SAIA at
100 cd m™2 At 1000 cd m™2, the EQEs of DPS-SAIA and
Me-DPS-SAIA were 8.6% and 5.7%, respectively. The EQE
roll-off at 100 and 1000 cd m 2 were 16% and 55% for the
DPS-SAIA-based device but 23% and 67% for the Me-DPS-
SAlA-based device. It is obvious that DPS-SAIA with a higher
ratio but a shorter lifetime of delayed fluorescence resulted
in the relatively slower EQE roll-off. The EQE values over 5%
further confirmed the TADF feature of the two emitters and well
demonstrated the effective utilization of triplet excitons during

4618 | J Mater. Chem. C, 2022,10, 4614-4619

the electroluminescence process. The maximum current effi-
ciency (CE) and power efficiency (PE) values of the two devices
were 30.4 cd A~ and 18.1 Im W' for the DPS-SAIA-based
device and 27.0 cd A" and 13.8 Im W™ for the Me-DPS-SAIA-
based device.

3. Conclusions

In conclusion, the effect of decorating methyl groups in D-A-D
type TADF systems was investigated by using the donor SAIA
and the acceptor DPS. Similar to previous TADF systems with
the sole decoration of the methyl group at the ortho-position of
the donor units, the introduced methyl group in this work
weakened the electron-withdrawing ability of the acceptor
of DPS and led to blue-shifted emission. Interestingly, the
inserted methyl groups caused different effects, including
the increased AEsy value, reduced molecular rigidity, and
decreased PLQY. By analyzing the properties of the ground
and excited states of the two emitters, theoretical simulations
well explained the methyl effects. Finally, the devices based on
the two emitters showed high performance with maximum
EQEs of 19.3% and 17.1%, respectively.
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