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We synthesized three materials, namely, TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge, as blue host emitters.
These materials incorporate a tetraphenylgermanium (TPG) group with a germanium atom into the main
5,9-dioxa-13b-boranaphtho(3,2,1-delanthracene (DOBNA), demonstrating multiple-
resonance-induced thermally activated delayed fluorescence (MR-TADF). All three materials exhibited
high thermal stability with a glass transition temperature (Ty) exceeding 100 °C. The increased molecular
distance also demonstrated the inhibition of self-quenching between molecules in the packing. All three

backbone of

materials showed AEst values within 0.3 eV, confirming their potential for MR-TADF characteristics.
Especially, mTDBA-2Ge exhibited the lowest AEst value of 0.11 eV among the three materials. When
these host materials were doped with the conventional dopant v-DABNA, efficient energy transfer
between the two materials was observed, and the resulting device efficiency was confirmed. In com-
parison to TDBA-Ph, which lacks the TPG moiety and contains only phenyl groups, an approximately
1.5-1.8-fold increase in external quantum efficiency max (EQE,..) was observed. Among the three
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Introduction

Thermally activated delayed fluorescence (TADF) represents a
third-generation luminescence phenomenon in OLED displays,
representing a highly efficient technology. This allows for
achieving a 100% internal quantum efficiency (IQE) through
reverse intersystem crossing (RISC) from the lowest excited
triplet state (Ty) to the lowest excited singlet state (S;)."”” In
conventional donor-acceptor (D-A) materials, TADF com-
pounds exhibit small AEgr values of <0.3 eV.® This is attrib-
uted to their twisted chemical structures, where donors and
acceptors are largely electronically separated, and they possess
frontier orbitals with a small exchange integral.” However,
TADF molecules of the donor-acceptor type exhibit a disadvan-
tage of broad emission and poor color purity due to structural
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materials, mTDBA-2Ge exhibited the highest efficiency, with an EQE,,x of 24.41%.

relaxation in the excited state.'®™* To solve this issue, in 2016,
the Hatakeyama group proposed the synthesis of 5,9-diphenyl-5,9-
dihydro-5,9-diaza-13b-boranaphtho[3,2,1-deanthracene (DABNA) as
a blue multiple-resonance-induced TADF (MR-TADF) emitter. This
novel molecule incorporates electron-deficient boron and a non-
bonding electron pair-containing heteroatom, nitrogen, aiming to
overcome the limitations associated with broad emission and color
impurity."*'* MR-TADF materials enable the alternate localization of
the highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) at different atoms on the same
aromatic ring."> This separation between the HOMO and LUMO
not only suppresses structural relaxation but also minimizes vibronic
coupling, resulting in high color purity and a narrow emission
band.™ Consequently, the performance of this compound manifests
as a sharp emission peak and a narrow full width at half maximum
(FWHM) of 30 nm in the film. In particular, the Hatakeyama group
reported N7,N7,N13,N13,5,9,11,15-octaphenyl-5,9,11,15-tetrahydro-
5,9,11,15-tetraaza-19b,20b-diboradinaphtho[3,2,1-de:1’,2’,3'-jk]penta-
cene-7,13-diamine (v-DABNA) as a boron-nitrogen blue-emitting
MR-TADF dopant with a sharp emission spectrum in the film
form, exhibiting a FWHM of 18 nm, surpassing that of DABNA."®
Although numerous new dopants are under investigation to enhance
the performance of v-DABNA, showcasing high efficiency and
color purity, research on novel host materials suitable for
MR-TADF-type dopants is scarce, particularly excluding

This journal is © The Royal Society of Chemistry 2024
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5,9-dioxa-13b-boranaphtho[3,2,1-deJanthracene (DOBNA) materials.
The oxygen-bridged MR-TADF emitter, DOBNA, is the first p- and
n-doped polycyclic aromatic hydrocarbon structure reported by
Hatakeyama.'*® In toluene solution, DOBNA exhibits a narrow
emission with a Ap;, of 392 nm and a FWHM of 34 nm.'”'®
However, the preparation of excellent amorphous thin films
with the DOBNA moiety alone is challenging due to its low
molecular weight (below 500) and relatively high crystallinity.
In this study, to address this limitation and develop MR-TADF-
type host materials, we utilize the DOBNA structure as the main
backbone. We introduce the tetraphenylgermanium (TPG) moiety
to increase the molecular weight and induce amorphous thin film
formation. Three materials, namely, (4-(2,12-di-ter¢-butyl-5,9-dioxa-
13b-boranaphtho[3,2,1-deJanthracen-7-yl)phenyl)triphenylgermane
(TDBA-Ph), (4-(2,12-di-tert-butyl-5,9-dioxa-13b-boranaphthol[3,2,1-
delanthracen-6-yl)phenyl)triphenylgermane (mTDBA-Ge), and ((2,
12-di-tert-butyl-5,9-dioxa-13b-boranaphtho[3,2,1-de]anthracene-6,8-
diyl)bis(4,1-phenylene))bis(triphenylgermane) (mTDBA-2Ge), are
synthesized for this purpose. The TPG group, containing a germa-
nium atom, has a bulky structure, which is believed to mitigate the
drawback of reduced efficiency by preventing intermolecular pack-
ing. We previously reported a compound with a tetraphenylsilicon
(TPS) moiety as a blue MR-TADF host material. The selectively
positioned TPS moiety demonstrated superior efficiency for the
material. Building on this, in the present study, we replace the
silicon atom with a germanium atom based on the understanding
that germanium, like silicon, belongs to group IVa elements and is
widely utilized in the field of inorganic semiconductors."*>" In
previous research, significant results were achieved in the devel-
opment of highly efficient host materials using silicon with an
atomic number of 14 and an atomic mass of 28, attributed to the
hetero-atom effect. In this study, we aim to demonstrate the use of
the hetero-atom, germanium, for the first time to achieve high-
efficiency host materials. The atomic number of germanium is 32,
and its atomic mass is 72, representing an increased atomic
number compared to silicon, which prompts an examination of
its relevance. Furthermore, we aim to verify the high-efficiency host
characteristics attributed to the bulky size of the TPG group
containing gemanium atoms. This investigation is intended to
explore the potential for proposing novel host materials in the
future by examining variations in the position and quantity of this
moiety. In this study, we aim to investigate whether compounds
containing TPG, based on positional selectivity, demonstrate com-
parable efficiency. Considering the unique properties of germa-
nium, such as its large atomic radius (122 pm), electropositive
nature (, = 2.01), and capability of c— conjugation, the design of
new germanium-based organic functional materials opens up
possibilities for diverse derivative development.”* Through this
approach, the three synthesized materials with the TPG group may
potentially contribute to the manifestation of MR-TADF character-
istics induced by boron atoms. Additionally, these single-bonded
heteroatoms may facilitate the formation of smooth films and, in
the case of host materials containing germanium atoms, they are
expected to mitigate the drawback of increased intermolecular
distance, reducing quenching associated with molecular packing.
The synthesized three materials are compared by examining the
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uniform surface characteristics of the thin films and the inter-
molecular plane-to-plane distances to assess the properties
based on the substitution positions and the number of
TPG groups. Additionally, Stern-Volmer analysis is employed
to investigate the efficiency of energy transfer among the
materials.

Result and discussion
Molecular design, synthesis, and characterization

Scheme 1 illustrates the molecular structure of the newly
synthesized host materials. These host materials feature a
DOBNA-type main backbone with the MR-TADF effect. In the
case of the DOBNA structure, the boron atom with an empty p
orbital not only plays a typical role in MR-TADF but also
exhibits an electron-withdrawing effect in p,-m conjugation,
contributing to electron-transporting capabilities.>® However,
the high planarity of the DOBNA structure can lead to self-
aggregation in the film state. To prevent this, t-butyl groups
(TDBA) are substituted on the terminal phenyl rings of DOBNA.
Despite this modification, achieving excellent electrical proper-
ties in amorphous thin films through thermal evaporation
remains challenging due to the low molecular weight of DOBNA
(below 500) and its relatively high crystallinity. To address this
issue, the present study introduces the synthesis of three
derivatives, namely, TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge,
by varying the position and substitution amount of TPG moi-
eties on the DOBNA backbone, increasing the molecular weight
and inducing a smooth and uniform amorphous thin film
morphology (Scheme S1 and Fig. S1-S17, ESIf). The TPG
moiety, characterized by a longer C-Ge bond length than the
C-C bond and a bulky structure, effectively prevents molecular
packing in the solid state. This, coupled with the increase in
molecular weight, enhances thermal stability and enables the
formation of uniform thin films. The design of such molecular
structures can reduce self-quenching, improve the MR-TADF
effect, enhance energy transfer capabilities, and ultimately
contribute to boosting electroluminescence efficiency.

Theoretical calculations and single crystal analysis

To investigate the bonding characteristics between the TDBA
moiety and the side group, density functional theory (DFT) and
time-dependent DFT (TD-DFT) calculations were performed.

O@ o‘
O

©©© 0@

TDBA-Ge mTDBA-Ge mTDBA-2Ge

Scheme 1 Chemical structures of the synthesized TDBA-based host
materials.
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Quantum chemical calculations based on DFT were performed
using the NWChem program. Theoretical calculations with
geometric optimization, single-point energy, HOMO, and
LUMO distributions are performed at DFT and TD-DFT levels.
The calculations are carried out using the B3LYP functional
with def2-TZVPP basis sets, evaluating S; and T;. Spin-orbit
coupling matrix elements were performed using the ORCA
program with the same basis set. Fig. 1 and supplementary
Fig. S18-S21 (ESIt), along with Tables S1-S4 (ESIY), illustrate
the electron density of the HOMO and LUMO orbitals for
materials with TPG substitution at para or meta positions of
the TDBA moiety.

The electron density of the HOMO and LUMO for each
material is predominantly located on the DOBNA moiety, and
the electron density of boron and oxygen within DOBNA is
arranged in a manner consistent with conventional DOBNA
derivatives. Additionally, in the case of TDBA-Ge with TPG
substitution at the para position, the electron density distribu-
tion extends to the phenyl group within TPG at the LUMO level,
influenced by the electron-withdrawing effect of boron. In
contrast, for mMTDBA-Ge and mTDBA-2Ge with TPG substitution
at the meta position, an extended electron density distribution
is observed in the HOMO." Introducing substituents at the
meta position is expected to result in a redshift of the emission
wavelength due to the conjugation extension. The calculated
HOMO energy levels for TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge
are —5.77, —5.64, and —5.57 €V, respectively, while the LUMO
energy levels are —1.97, —1.94, and —1.95 eV, respectively.
Consequently, the calculated band gap (AEy 1) values show TDBA-
Ge (3.80 eV) > mTDBA-Ge (3.72 €V) > mTDBA-2Ge (3.62 €V). The
calculated AEgr values for the newly synthesized host materials,
TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge, are 0.515, 0.471, and
0.439 eV, respectively, with a decreasing trend observed from
TDBA-Ge to mTDBA-2Ge (Fig. S22, ESIt). Additionally, the spin-orbit
coupling (SOC) values at the calculated S; and T, states are inter-
preted. The SOC values for TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge
at S; and T are 0.040, 0.102, and 0.114 cm ™", respectively. These

(a), ;

LUMO
-1.966 eV

LUMO
-1.935eV

LUMO

y

HOMO
-5.770 eV

HOMO
-5.654 eV

HOMO
-5.570 eV

Fig. 1 Molecular orbitals and energy levels of molecules calculated by
DFT theory. (a) TDBA-Ge, (b) mTDBA-Ge and (c) mTDBA-2Ge.
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values are observed to increase progressively in the order of
TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge. This trend in SOC
values aligns with the decreasing trend in AEgr values. There-
fore, based on the observed SOC and AEgr values, mTDBA-2Ge
is expected to best fulfill the requirements for MR-TADF among
the three structures. Furthermore, upon examining the T, state
energy levels of these host materials, it is noted that T, T3, and
T, levels are closer to the S, level than the T, level. However, in
the considered system of this study, a direct RISC process from
the T, level to the S; level is not anticipated. In this study, the
transition from the T, level to the S; level is expected to be the
primary process.”>** The optimized structures obtained
through molecular calculations reveal dihedral angles bet-
ween the TDBA moiety and the introduced phenyl groups for
TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge as 38.4, 49.0, and 48.1°,
respectively (Fig. S23, ESIT). To further investigate these angles,
single crystals of the samples were prepared. Single crystals for
TDBA-Ge and mTDBA-Ge were grown using the solvent-
diffusion crystal growth method with dichloromethane/
ethanol (1:3, v/v). Although the single crystal dihedral angles
for TDBA-Ge and mTDBA-Ge were consistent with the calcu-
lated values, showing angles of 39 and 44°, respectively (as
depicted in Fig. 2), unfortunately, single crystals of mTDBA-2Ge
were not obtained. These experimental measurements were
found to exhibit values similar to the calculated ones
(Fig. S23, ESIt). The molecular packing and intermolecular
distances, as well as the plane-to-plane distances, were visua-
lized through single crystal data, presented in Fig. S24 and
S25 (ESIt). As seen along the b-axis in Fig. S24 (ESIT), TDBA-Ge
showed longer intermolecular distances compared to
mTDBA-Ge. Additionally, as depicted in Fig. S25 (ESIt), the
intermolecular distances for TDBA-Ge and mTDBA-Ge were
determined to be 4.616 and 4.012 A, respectively. This observa-
tion indicated that TDBA-Ge has longer intermolecular dis-
tances, suggesting a relatively favorable electro-optical
property by inhibiting intermolecular packing.

Photophysical properties of TDBA-based host materials

To investigate the photophysical characteristics of TDBA-based
host materials, ultraviolet-visible (UV-vis) absorption and
photoluminescence (PL) spectra were measured in both toluene
solution and vacuum-deposited film states (Fig. 3), and a

(a)

Fig. 2 Single crystal XRD data for torsions. (a) TDBA-Ge and (b)
mTDBA-Ge.

This journal is © The Royal Society of Chemistry 2024
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detailed summary of the photophysical properties of
TDBA-based host materials is presented in Table 1. In the
solution state, TDBA-based host materials exhibited absorption
peaks in the range of 389 to 402 nm and confirmed emission in
the range of 408 to 432 nm. This corresponds to the absorp-
tion wavelength associated with the n-rn* transition from the
DOBNA backbone.'* In terms of emission, materials
mTDBA-Ge and mTDBA-2Ge, with the meta position of TDBA,
showed a relatively red-shifted region compared to TDBA-Ge
which connected at the para position. This is attributed to the
substitution of TPG at the electron lobe position, the meta
position of TDBA, resulting in a relatively longer molecular
conjugation length than the para position. Furthermore, exam-
ining the Stokes shift values, TDBA-Ge, mTDBA-Ge, and
mTDBA-2Ge exhibit low Stokes shift values of 19, 27, and
30 nm, respectively, indicating the maintenance of a
rigid chemical structure. The FWHM of PL for TDBA-Ge,
mTDBA-Ge, and mTDBA-2Ge was found to be 31, 35, and
36 nm, respectively, and the PL quantum yield (PLQY) in the
solution state showed values in the range of 50-55%. Analyzing
the PL emission data for neat films of TDBA-based host
materials reveals PLy,,x wavelength peaks of 437, 449, and
448 nm for TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge, respec-
tively. mTDBA-Ge and mTDBA-2Ge exhibit a red-shift compared
to TDBA-Ge. The FWHM broadened to 76-87 nm for TDBA-Ge,
mTDBA-Ge, and mTDBA-2Ge compounds, which is 40-52 nm
broader than in the solution state. The FWHM of the DOBNA-
OAr film is 57 nm, while the FWHM of the synthesized films for
the three materials ranges from 76 to 87 nm."®> The broadened
PL spectrum might be interpreted as a phenomenon due to
single bond rotation of the TPG within the synthesized struc-
tural formula. Even in the previous study with the introduction
of TPS, a wide FWHM value of approximately 76 nm was
observed, attributed to the free rotation of single bonds
enabling various PL transitions. While this phenomenon
could be a disadvantage when used as a dopant, it could be

(

oo
N’

5 = TDBA-Ge
< 1.04 ———r—mTDBAGe |F1.0 _
‘;’ ————mTDBA-2Ge :
o <
e &
S 0.8 0.8 >
= £
<]
2 s
< 06+ 06
2 -
S o
3 04+ Los D
s N
P ©
N £
T 02- 02 5
£ z
<]
Z 0.0 oo a1 2l 0.0
350 550

Wavelength (nm)

View Article Online

Journal of Materials Chemistry C

advantageous when used as a host. It is because the relatively
broad emission spectrum in hosts can increase the possibility of
energy transfer to dopants. In the film state, the PLQY for
TDBA-Ge, mMTDBA-Ge, and mTDBA-2Ge were observed to decrease
in the range of 18-25%, compared to the solution state. Experi-
mentally measured HOMO energy levels for TDBA-Ge, mTDBA-Ge,
and mTDBA-2Ge were —5.76, —5.62, and —5.76 eV, respectively
(Fig. S26, ESIT). The LUMO energy levels were —2.81, —2.68, and
—2.91 eV. Consequently, the calculated band gap values
followed the order TDBA-Ge (2.95 eV) > mTDBA-Ge (2.94 eV) >
mTDBA-2Ge (2.85 eV). The experimentally measured values exhib-
ited a consistent trend with the calculated HOMO and LUMO
energy levels, as well as the band gap values. Regarding AEsr,
TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge exhibited values of 0.29,
0.24, and 0.11 eV, respectively, indicating that all three materials
possess MR-TADF characteristics. Noteworthy is the lowest value
observed for mTDBA-2Ge, suggesting its relatively superior MR-
TADF properties (Fig. S27, ESIT). By employing transient PL in the
neat films of TDBA-based host materials, delayed fluorescence
was observed (Fig. S28 and S29, ESIt). The delayed lifetimes for
TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge were 6.98, 6.95, and
6.29 ps, respectively, with mTDBA-2Ge exhibiting a slightly shorter
delayed lifetime (Table 1). Based on these values, the calculated
rate constant of reverse intersystem crossing (kgisc) in neat films
followed the order of TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge,
with values of 4.38, 5.98, and 10.17 x 10°> s™', respectively.
With the smallest AEsr and simultaneously the highest kgsc,
mTDBA-2Ge is anticipated to possess excellent MR-TADF char-
acteristics among the synthesized materials, making it promising
for achieving high efficiency in devices when applied as a host
(Table S5, ESIY).

Photophysical properties of v-DABNA-doped films prepared
using TDBA-based host materials

The newly synthesized materials were employed as hosts, and
films doped with 2 wt% of the blue MR-TADF dopant, v-DABNA,
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Fig. 3 UV-vis absorption and photoluminescence analysis of the synthesized materials (a) in the solution state (toluene, 10 x 10> M) and (b) in the

vacuum-deposited film (thickness: 50 nm).
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Table 1 Summary of the photophysical properties of the TDBA-based materials

Solution Neat film

Jan® Jem® FWHM  PLQY  Au° Jem® ~FWHM  PLQY  Eg/Er/AEs” 7’ HOMO? LUMO? E

(nm)  (nm)  (nm) (%) (nm)  (nm)  (nm) (%) (eV) (us) (V) (ev) (eV)
TDBA-Ge 389 408 31 52 394 437 18 3.22/2.93/0.29  6.98  5.76 2.81 2.95
mTDBA-Ge 393 420 35 50 398 449 20 3.16/2.92/0.24  6.95  5.62 2.68 2.94
mTDBA-2Ge 402 432 36 55 406 448 25 3.05/2.94/0.11 6.29  5.76 2.91 2.85

4 Maximum wavelength in UV-Vis absorption and photoluminescence spectra. * Singlet and triplet energies measured in the neat film state as an
onset value (AEsy = S; — Ty). © Delayed lifetime calculated by PL decay for a vacuum-deposited neat film. ? HOMO value measured by UV
photoelectron yield spectroscopy (AC-2); the LUMO value was calculated from the optical band gap.

were analyzed for their photophysical properties. The v-DABNA
dopant, as reported by the Hatakeyama group, has demon-
strated high device efficiency characteristics, establishing it as
an excellent dopant material.>®> By adopting v-DABNA as a
dopant, we investigated the possibility of energy transfer with
the TDBA structure containing the TPG moiety (Fig. S30, ESIT).
The overlap of the emission spectrum of the host material and
the absorption spectrum of the dopant material confirmed the
feasibility of Forster energy transfer for all three compounds.
Fig. S31 (ESIt) displays the PL spectra for the doped films. All
films exhibited a peak maximum at 465 nm, with a bandwidth
of 18 nm, displaying PL characteristics similar to those of the
previously reported v-DABNA (Table S6, ESIt). To investigate
the excited-state behavior of the doped films with v-DABNA,
transient PL decay was measured (Fig. S32 and S33, ESIt). The
tau (t) values for the doped films using TDBA-Ge, mTDBA-Ge,
and mTDBA-2Ge as hosts were 2.73, 3.22, and 2.53 s, respec-
tively, indicating comparable levels (Table S7, ESIt). The mea-
sured PLQY for the doped films revealed values of 29, 24, and
37% for TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge, respectively.
Calculating the rate constants to understand the interaction
between TDBA-based host materials and v-DABNA in the doped
films (Table S7, ESIf), the krisc rate constants for TDBA-Ge,
mTDBA-Ge, and mTDBA-2Ge were 3.07, 1.78, and 5.52 x 10* s,
respectively. Similar to the neat films, mTDBA-2Ge exhibited the
fastest kpisc rate constant in this aspect as well. This suggests
efficient energy transfer in the v-DABNA-doped system, providing
expectations for high efficiency in OLED devices.

Thermal properties

To determine the glass transition temperature (T,), melting
temperature (7,,), and decomposition temperature (Ty) of
TDBA-based host materials, thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were per-
formed as shown in Fig. S34 and S35 (ESIt). The T4 values for
5% weight loss of TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge
are 414, 400, and 455 °C, respectively. The T,/Ty, values for
TDBA-based host materials are 130/277, 121/183, and 182/
385 °C, respectively. Since the T4 requirement for OLED materi-
als is at least 300 °C, all three synthesized materials exhibit
sufficient thermal stability. Considering that T, also requires
temperatures above 100 °C during OLED operation, the materi-
als satisfy the thermal stability requirements for T, as well. Low
T, values can induce crystallization of the material morphology

4388 | J Mater. Chem. C, 2024,12, 4384-4391

during device operation due to Joule heating, leading to effi-
ciency reduction in long-term device operation. Comparing the
T, values of mMTDBA-Ge and mTDBA-2Ge, mTDBA-2Ge shows an
increase of approximately 60 °C, attributed to the effects of
increased symmetry and molecular weight. Additionally, com-
paring T, between TDBA-Ge and mTDBA-Ge, TDBA-Ge, which is
connected at the para position, shows a T, increase of 9 °C due
to molecular symmetry. This trend in thermal properties
remains consistent across Ty, T, and Tgq.

OLED device characterization and performance

To assess the electroluminescence (EL) performance of the
newly synthesized materials, TDBA-Ge, mTDBA-Ge, and
mTDBA-2Ge, when used as host materials in the emitting layer,
doped OLED devices were fabricated based on a conventional
OLED configuration. Typically, structures used as dopants for
blue emission exhibit functional groups with a slight electron-
donating characteristic, thereby increasing oscillator strength
and achieving high EQE. On the other hand, materials used as
hosts need to facilitate the simultaneous movement of elec-
trons and holes within the emitter. Therefore, they are struc-
tured without groups that push or pull electrons, especially in
the case of blue-emitting materials where a wide band gap is
essential. The synthesized materials in this study do not con-
tain functional groups with inductive effects and have a wide
band gap exceeding 2.85 eV. Therefore, the materials synthe-
sized in this study possess structures more suitable as hosts
rather than dopants, and were thus applied as hosts in the
device components. The energy level diagram of the fabricated
doped OLED devices is depicted in Fig. 4, and the prepared
structure is as follows: ITO/NPB (40 nm)/TCTA (15 nm)/mCP
(15 nm)/host materials: 2 wt% v-DABNA (20 nm)/TmPyPB
(40 nm)/LiF(1 nm)/Al (200 nm). ITO and Al were used as the
anode and cathode. N,N’-Bis(naphthalen-1-yl)-N,N’-bis(phenyl)-
benzidine (NPB) and 4,4',4-tris(carbazol-9-yl)triphenylamine
(TCTA) were used as hole injection layers. Additionally, 1,3-
bis(carbazol-9-yl)benzene (mCP) served as both the hole trans-
porting layer and the electron blocking layer. 1,3,5-Tris(3-
pyridyl-3-phenyl)benzene (TmPyPB) was utilized as the electron
transporting layer and stimultaneously as the hole blocking
layer. The MR-TADF materials, v-DABNA, reported by the
Hatakeyama group, were employed as a dopant for the emitting
layer. Furthermore, the newly synthesized host materials,
TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge, were applied to

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 OLED device performance of 2 wt%_TDBA-Ge, mTDBA-Ge and mTDBA-2Ge emitters: (a) energy-level diagram of doped OLED devices, (b)

current—voltage—luminescence curve, (c) EQE-luminance curves and (d) EL spectra at 10 mA cm™=.

investigate the correlation between the host and dopant
materials. For comparison with conventional OLED devices,
TDBA-Ph was used as the host material in the reference device
(Scheme S2, ESIT). Devices utilizing the three newly synthesized
OLED host materials exhibited normal diode characteristics,
and based on an EL spectrum with an emission wavelength of
465 nm and a FWHM of 18 nm, they exhibited identical
commission internationale de I’eclairage (CIE) coordinates of
(0.13, 0.10) (Fig. 4 and Table 2). This consistency aligns with the
similarity in FWHM and PL data from the doped films. Under a
1 ¢d m™? light intensity condition, all devices showed a low
turn-on voltage of 3.0 eV, indicating the use of optimized hole
and electron carrier materials, taking into account the energy
levels of the emitting layer (EML) (Table 2). When comparing

2

the different devices, the one incorporating the TPG moiety,
including a germanium atom, exhibited a relatively higher
maximum luminance compared to the device without the
TPG moiety, TDBA-Ph. As evident from Fig. 4 and Table 2, the
inclusion or exclusion of the TPG moiety demonstrates differ-
ences in EL performance. When examining the current effi-
ciency of devices utilizing TDBA-Ge, mTDBA-Ge, and mTDBA-
2Ge as hosts at maximum/500 nit/1000 nit, the values are as
follows: 17.92/15.28/14.73 cd A%, 15.12/10.69/9.66 c¢d A%, and
19.12/17.05/15.59 cd A™', respectively. Similarly, the corres-
ponding external quantum efficiency (EQE) values are 19.78/
17.52/16.82%, 21.02/14.72/13.23%, and 24.41/22.33/20.43%.
When compared to TDBA-Ph, which lacks the TPG moiety
and has only a phenyl group substitution, an approximately

Table 2 EL performance of 2 wt% v-DABNA-doped OLED devices according to the host materials

CElOOOnitb EQEmax” EQEsoonic’ EQE1000nit” CIE* (x,¥) ELma/FWHM (nm)

EMLs Tona (V) Lmax (Cd miz) CEMaxb CES()()nitb
TDBA-Ph:2 wt%_v-DABNA 3.1 4400 10.8 9.80
TDBA-Ge:2 wt%_v-DABNA 3.0 5400 17.92  15.28
mTDBA-Ge:2 wt%_v-DABNA 3.0 4500 15.12 10.69
mTDBA-2Ge:2 wt%_v-DABNA 3.0 5000 19.12 17.05

8.48 12.9 11.8 10.3 (0.13,0.10) 465/18
14.73 19.78  17.52 16.82 (0.13,0.10) 465/18
9.66 21.02  14.72 13.23 (0.13,0.10) 465/18
15.59 24.41 2233 20.43 (0.13,0.10) 465/18

“ Turn-on voltage at 1 cd m~2.  Current efficiency. ¢ External quantum efficiency. ¢ Commission Internationale de I'Eclairage.
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Fig. 5 AFM images of the non-doped TDBA-based film. (a) TDBA-Ph, (b) TDBA-Ge, (c) mTDBA-Ge, and (d) mTDBA-2Ge.

1.5-1.8-fold increase in device EQE,, efficiency is observed.
Possible explanations for the enhanced EL performance of the
TPG-based host materials compared to that of the TDBA-Ph
host material are as follows. First, the improved EL perfor-
mance can be attributed to energy transfer from the TPG-based
host materials to the dopant. Larger energy transfer values in
the doped TPG-base films were confirmed by the results of
Stern-Volmer experiments (Table S8, ESIT). The kg values of the
three TPG-based host materials are greater than that of the
corresponding TDBA-Ph host material. The calculation of
the kerer values confirmed that the three materials containing
the TPG moiety exhibit faster kggrer than the TDBA-Ph host
material. These larger energy transfer values could contribute
not only to reduced exciton loss but also to increased EL
performance. Second, to assess the surface morphology of the
TDBA-based host materials, we characterized them using opti-
cal microscopy (OM) and atomic force microscopy (AFM)
(Fig. S36 (ESIT) and Fig. 5). Films with the TPG moiety, includ-
ing a germanium atom, exhibited relatively good film unifor-
mity. In contrast, crystallization occurred simultaneously in the
TDBA-Ph film. To confirm the improved film surface morphol-
ogy with the introduction of the TPG group, AFM measure-
ments were conducted on non-doped films fabricated by
deposition. In this case, the root mean square (RMS) values
for TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge were 0.43, 0.81, and
0.41 nm, respectively, whereas TDBA-Ph exhibited a value of
2.87 nm. The introduction of the TPG group in the three
materials resulted in a smoother amorphous thin film mor-
phology compared to TDBA-Ph. Rapid crystallization can lead
to decreased device efficiency due to adverse effects such as a
rough surface, charge trapping at the interface, and an increase
in drift current. The favorable film uniformity of the three
synthesized materials may be attributed to the presence of the
germanium atom. Third, the improved EL performance of the TPG-
containing host materials may be attributed to their excellent
thermal stability. TDBA-Ge, mTDBA-Ge, and mTDBA-2Ge exhibit
high T, values in the range of 121-182 °C, whereas TDBA-Ph
exhibits a T value of 62 °C. Consequently, the TPG-based host
materials effectively maintain an amorphous state, because they do
not easily undergo molecular changes. The stable surface morphol-
ogy of the deposited films contributes to maintaining device
efficiency. Finally, the long intermolecular distances in host mate-
rials based on the bulky TPG group, including a germanium atom,

4390 | J Mater. Chem. C, 2024, 12, 4384-4391

may hinder triplet-triplet annihilation (TTA) and/or singlet-
triplet annihilation (STA), leading to an increased EQE. Addi-
tionally, the relatively higher EQE of TDBA-Ge compared to
mTDBA-Ge can be attributed to the longer intermolecular
distances, as explained earlier through single-crystal X-ray
diffraction data. This elongation in molecular spacing reduces
the likelihood of occurrences where self-quenching factors
may arise.

Conclusions

Designing and successfully synthesizing novel host materials
for blue MR-TADF, namely TDBA-Ge, mTDBA-Ge, and
mTDBA-2Ge, was achieved by introducing the TPG with a
germanium atom into the DOBNA moiety, a MR-TADF material.
All the three synthesized materials demonstrated high thermal
stability, with T, values exceeding 100 °C. By investigating the
EL properties based on the introduced TPG’s substitution
positions and numbers, OLED device efficiencies for all three
materials demonstrated superior EQE compared to TDBA-Ph,
where TPG is absent. The introduction of germanium atoms in
the TPG facilitated not only energy transfer but also achieved
high efficiency through uniform surface characteristics of the
thin film and prevention of intermolecular packing. The
most optimized structure among the synthesized materials,
mTDBA-2Ge, maintained color coordinates of (0.13, 0.10) while
exhibiting the highest efficiency, with EQE,,,, reaching 24.41%
among the three materials. Based on these research findings, it
is anticipated that various derivatives with bulky side groups
containing different heteroatoms can be developed, further
advancing the development of high-performance blue MR-
TADF hosts.
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