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Multiplying the electroluminescence efficiencies
of red TADF emitters via a regioisomeric approach
of the donor unitf

Xi Zhang,? Hui Wang,? Jia-Xiong Chen,” Lu Zhou,? Xiao-Yao Hao,? Jia Yu,®
Kai Wang (2 *¢ and Xiao-Hong Zhang () *2¢

A regioisomeric strategy is of great significance to the design of molecules with red thermally activated
delayed fluorescence (TADF); however, previous studies have mainly focused on the regioisomerism of
acceptor frameworks. Herein, we propose a donor-induced regioisomeric strategy for developing red
TADF emitters for the first time. Intriguingly, DPDPZ-PXZPh, with 3-position connected 10-phenyl-10H-
phenoxazine (PhPXZ) as the donor exhibits a faster radiative rate, lower reorganization energies, and a
superior photoluminescence quantum vyield compared with the control compound DPDPZ-PhPXZ
containing a 14-position connected PhPXZ. The corresponding organic light-emitting diode (OLED)
based on DPDPZ-PXZPh not only achieves an evidently redshifted emission peaking at 600 nm but also
delivers a much-improved external quantum efficiency of 28.0%, which is a nearly 1.6-fold efficiency
enhancement relative to the DPDPZ-PhPXZ-based device (17.8%). This result demonstrates the
important role of donor linking engineering in constructing high-performance red TADF emitters,

rsc.li/frontiers-materials

Introduction

Metal-free emitters of thermally activated delayed fluorescence
(TADF) are capable of utilizing all electronically generated exci-
tons for emission (i.e., 100% internal quantum efficiency) and
are promising alternatives for noble metal-containing phosphor-
escence emitters in commercial organic light-emitting diodes
(OLEDs)." ™ Donor (D)-acceptor (A)-type molecular structures are
the most adopted molecular design strategy to construct TADF
emitters, in which reverse intersystem crossing (RISC) from
triplet to singlet excitons can be facilely activated by sufficiently
restricting the highest occupied molecular orbital (HOMO) to D
segments and the lowest unoccupied molecular orbital (LUMO)
to A segments, respectively.”™ Along this line, high-performance
blue and green TADF emitters have flourished; in contrast,
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offering a new isomeric pattern for developing high-efficiency red OLEDs.

progress in efficient red TADF emitters is lagging far
behind.'”'" A chief culprit is the energy-gap law, that is, the
nonradiative rate (kic) via the internal conversion (IC) channel
will be exponentially magnified as optical energy gaps linearly
decrease.'" Thus, without sufficiently fast rates (k) of radia-
tive decay (i.e., far surpassing ki), red TADF emitters would
unavoidably suffer from low photoluminescence (PL) quantum
yields (@p.s) and thus lower device performance.'*"

To pursue full exciton harvesting of red TADF emitters, the
currently employed A candidates are generally large m-fused
frameworks that can suppress the nonradiative decays from
the A aspect, and the D candidates are mostly either tripheny-
lamine (TPA) and its derivatives, i.e., flexible segments with mild
D-A twists to enhance k, or relatively rigid components, e.g.,
phenoxazine (PXZ), with high D-A twists to minimize the
nonradiative decays from the D aspect.’®?® The diversity of
D-A pairs for developing high-performance red TADF emitters is
relatively limited. Regioisomeric strategies were thus explored to
further tap the potential with limited D/A pairs, i.e., employing
the same D-A pairs but with different D-A linking modes.>' >
Through such strategies, minor structural changes may lead
to significant differences in photophysical behaviors and elec-
troluminescence performance.’®*® For example, Xu et al
demonstrated that moving TPA units from the ortho- to para-
positions of an A framework brought about an approximately
90-fold enhancement in %, resulting in a higher &5, and a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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state-of-the-art external quantum efficiency (EQE) of 12.3%.>°
Wang et al. reported a pair of isomeric red TADF emitters, where
the TPA segment was attached at different sites on the A
framework with a trans/cis-arrangement pattern. The resultant
trans-isomer achieved an evidently increased ®p;, and superior
device efficiency compared to the cis-isomer.*° Notably, previous
studies have only focused on regioisomerism in the A frame-
work, i.e., attaching D units onto the different substitution sites
on the A segment.*** On the other hand, the attaching sites of
the D segments are fixed in stereotype, e.g., the linking site of
PXZ is the N-position that can induce high D-A twist, and that of
TPA is the para-position that ensures sufficient D-A conjugation
(as seen in Fig. 1).***° To the best of our knowledge, no studies
have explored the regioisomerism in D components thus far,
hindering the understanding and further development of high-
performance red TADF emitters.

In this work, we thus designed and synthesized a pair of red
TADF regioisomers, namely, 3-(11,12-di(pyridin-3-yl)dibenzo-
[a,c]phenazin-3-yl)-10-phenyl-10H-phenoxazine (DPDPZ-PXZPh)
and 10-(4-(11,12-di(pyridin-3-yl)dibenzo[a,c]phenazin-3-yl)phenyl)-
10H-phenoxazine (DPDPZ-PhPXZ). Both compounds consist of
an identical D/A pair, while their D-A linking positions at the D
side are different (see their chemical structures in Fig. 1). DPDPZ-
PhPXZ follows a conventional D-A linking mode, that is, the A
framework links to the 14-position of 10-phenyl-10H-phenoxazine
(PhPXZ), while for DPDPZ-PXZPh, the A framework links to its
3-position. Due to the milder D-A twist, DPDPZ-PXZPh exhibits
higher oscillator strength (f), which brings about a higher &, that
sufficiently exceeds unwanted nonradiative energy dissipation, thus
furnishing a higher ®p;, of 95% with respect to DPDPZ-PhPXZ.
Eventually, an optimized OLED based on DPDPZ-PXZPh achieves a
redder emission peaking at 600 nm and a higher EQE of 28.0%,
which is a nearly 1.6-fold enhancement compared to the DPDPZ-
PhPXZ-based device (17.8%). This work not only demonstrates the
feasibility of D-induced regioisomeric engineering for developing
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more advanced red TADF emitters but also provides new isomer
insights into the construction of high-efficiency red TADF-OLEDs.

Results and discussion

Molecular design, synthesis and characterization

Herein, 11,12-di(pyridin-3-yl)dibenzo[a,c]phenazine (DPBPZ), a
classical A segment, is employed as the A component due to its
rigid and planar n-conjugated structure that can sufficiently
suppress nonradiative decays'® and links to PhPXZ, a D unit
with suitable electron-donating ability and two different linking
sites. For DPDPZ-PhPXZ, acting mainly as the control compound,
the DPBPZ framework is linked at the 14-position of PhPXZ, that
is, a conventional linking mode, while for DPDPZ-PXZPh, DPBPZ
unconventionally attaches at the 3-position of PhPXZ. It is
expected that by subtly modulating the linking modes of the D
segment, various physical properties and key dynamics could be
further modulated, helping to deepen the understanding of the
structure-property relationships of red TADF emitters.

The synthetic procedures of DPDPZ-PXZPh and DPDPZ-PhPXZ
are depicted in Scheme S1 (ESIf). Buchwald-Hartwig reactions
were first carried out between 10-phenyl-3-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)}-10H-phenoxazine ~ (M1)/10-(4-(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)phenyl)-10H-phenoxazine (M2) and
3-bromophenanthrene-9,10-dione to obtain the two intermediates,
3-(10-phenyl-10H-phenoxazin-3-yl)phenanthrene-9,10-dione (PhO-
PXZPh) and 3-(4-(10H-phenoxazin-10-yl)phenyl)phenanthrene-
9,10-dione (PhO-PhPXZ). Then, two target materials were
obtained via cyclization reactions between the above intermediates
and 4,5-di(pyridin-3-yl)benzene-1,2-diamine, which can be synthe-
sized according to our previously reported methods."” The
chemical structures of all the intermediates and target compounds
were characterized and confirmed by nuclear magnetic resonance
(NMR) spectroscopy and mass spectrometry (MS) technology.
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Fig. 1 Molecular design strategies and the chemical structures of materials.
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Thermal analysis and electrochemical properties

The thermal stability of both compounds was first assessed using
thermogravimetric analysis (TGA) and differential scanning calori-
metry (DSC) measurements in a nitrogen atmosphere. As shown in
Fig. S1 (ESIf), DPDPZ-PXZPh and DPDPZ-PhPXZ both exhibit
sufficiently high decomposition temperatures (T, corresponding
to 5% weight loss) of 481 and 449 °C, respectively. Additionally,
there is no indication of glass transitions for either compound when
gradually increasing the testing temperature below 300 °C (Fig. S2,
ESIT). These high thermal stabilities support these emitters for the
vapor deposition process that is required for device fabrication.
Cyclic voltammetry (CV) measurements were then carried
out to investigate their HOMO/LUMO energy levels (Fig. S5, ESIT).
As listed in Table 1, based on the onsets of oxidation curves, the
HOMO energy levels are estimated to be —5.25 eV for DPDPZ-
PXZPh and —5.26 eV for DPDPZ-PhPXZ, respectively. Likewise,
from those of their reduction curves, the LUMO energy levels are
calculated to be —3.60 and —3.59 €V, respectively. Their nearly
identical HOMO and LUMO energy levels indicate that the
regioisomerism has a negligible effect on their band gaps.

Theoretical calculations

To explore the influence of regioisomerism on their electronic
cloud distributions, theoretical calculations were carried out on

Table 1 Summary of photophysical and electrochemical properties
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these two regioisomers by using density functional theory (DFT)
based on the B3LYP/6-31G method. Fig. 2 depicts their opti-
mized geometries in the ground (S,) state. For either com-
pound, the PXZ group and the free rotated phenyl ring inside
the PhPXZ component naturally form a nearly vertical torsion,
resulting in minimal n-conjugation. Meanwhile, the torsion
values between DPDPZ and PhPXZ components are also very
similar to be ca. 35°. However, due to their different linking
modes, they eventually exhibit distinctly different frontier
molecular orbital (FMO) overlaps. As shown in Fig. 2, for both
compounds, the LUMOs are dominantly distributed on the
DPBPZ units, while their HOMO delocalizations exhibit distinct
differences. In DPDPZ-PhPXZ, the HOMO distribution is fully
located on the D segment, ensuring the near absence of the
HOMO-LUMO overlap, while for DPDPZ-PXZPh, its HOMO is
not only distributed on the PXZ moiety but also partially
expanded to the DPBPZ framework, resulting in a moderate
HOMO-LUMO overlap. As a result, DPDPZ-PXZPh is predicted
to have a substantially higher f (0.1680) than DPDPZ-PhPXZ
(0.0001), which is favorable for achieving a higher k,. Natural
transition orbital (NTO) analyses were further carried out using
time-dependent DFT (TD-DFT) to uncover the characteristics of
their excited states. In their lowest singlet (S;) and triplet (T,)
excited states, holes and particles are clearly separated, mainly

Compounds Jem™Aem” [nM] HOMO’ [eV] LUMO? [eV] S$,°/T,¢ AEsr [eV] Do/ [%]
DPDPZ-PXZPh 569/598 —5.25 —3.60 2.39/2.27/0.12 95
DPDPZ-PhPXZ 566/578 —5.26 —3.59 2.43/2.36/0.07 68

“ Determined from the emission maxima of 10~° M toluene solution at R.T. ? Determined from the emission maxima of DPDPZ-PXZPh (7 wt%)
and DPDPZ-PhPXZ (7 wt%) doped in CBP thin films at R.T. ¢ Estimated from the onset of the oxidation curves. ¢ Estimated from the onset of the
reduction curves. ¢ Estimated from the onsets of fluorescence and phosphorescence spectra of 7 wt% doped films in the CBP host at 77 K, AEgy =
S; — Ty./ Determined from 7 wt% doped films in the CBP host.
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Fig. 2 Molecular configurations and frontier molecular orbital distributions (FMOs) of DPDPZ-PXZPh and DPDPZ-PhPXZ, and their reorganization
energies (lex) between the So and S; states.
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on the D and A segments, respectively, clearly indicating their
charge-transfer (CT) features. Their geometry changes between
the S, and S; states and the corresponding reorganization
energies (.,) are depicted in Fig. 2. It is worth noting that
the A, of DPDPZ-PXZPh is 0.35 eV, evidently lower than that
of DPDPZ-PhPXZ (0.87 eV), suggesting that its molecular relaxa-
tion could be evidently suppressed via such a simple regioiso-
meric approach.

Photophysical properties

To explore the influences of the regioisomeric approach on their
photophysical properties at the single molecule level, ultraviolet-
visible (UV-Vis) absorption and PL spectra of DPDPZ-PXZPh and
DPDPZ-PhPXZ are first measured in dilute toluene solutions. As
shown in Fig. 3a, for both compounds, strong absorption bands
before 420 nm are observed, associated with the local m-n*
transitions. In the range of ca. 420-520 nm, corresponding to
the intramolecular CT transitions from D to A components,
DPDPZ-PXZPh shows a far stronger intensity than DPDPZ-
PhPXZ, which is consistent with their distinctly different fvalues.
In terms of their PL spectra, noticeably, both compounds exhibit
broad and structureless bands with very close peaks at 569 nm for
DPDPZ-PXZPh and 566 nm for DPDPZ-PhPXZ, respectively, in line
with their similar band gaps determined from the CV measure-
ment, while the bandwidth of DPDPZ-PXZPh is noticed to be
narrower than that of DPDPZ-PhPXZ, which can be ascribed to its
smaller A value. We further measured their PL spectra in other
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solvents with different polarities. As illustrated in Fig. S7 (ESIt), as
the solvent environment changes from non-polar (hexane) to
highly polar (dioxane), their PL spectra both demonstrate signifi-
cant solvatochromic redshifts, indicating that both emitters pro-
cess obvious intramolecular CT natures.

To further investigate the influence of the regioisomerism
on their photophysics under host-guest conditions, we then
prepared amorphous films of DPDPZ-PXZPh and DPDPZ-PhPXZ
7 wt% doped in 4,4'-bis(9-carbazolyl)-1,1"-biphenyl (CBP). Fig. 3a
shows their PL spectra at room temperature. Both films display
obvious bathochromic shifts compared to those in dilute solution
due to their stronger intermolecular interactions, which are often
noticed in red TADF emitters.*® Notably, the DPDPZ-PXZPh-
based film shows an evidently redder emission peaking at
598 nm compared to DPDPZ-PhPXZ (578 nm) under the same
conditions, suggesting even stronger interchromophore interac-
tions. By further measuring the fluorescence and phosphores-
cence spectra of both films at 77 K, the S; and T, levels are
determined to be 2.39 and 2.27 eV for DPDPZ-PXZPh and 2.43
and 2.36 eV for DPDPZ-PhPXZ, respectively. The lower energy
levels of DPDPZ-PXZPh in the doped film reveal that it is
obviously more stabilized by intermolecular interactions. The
AEgrs are further calculated to be 0.12 eV for DPDPZ-PXZPh
and 0.07 eV for DPDPZ-PhPXZ, respectively (Table 1), supporting
their TADF features.

Transient PL decays on these films were measured under
oxygen-free conditions at room temperature (Fig. 3b and c). Both
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Fig. 3 Photophysical characterizations of DPDPZ-PXZPh and DPDPZ-PhPXZ. (a) Normalized UV-Vis absorption and fluorescence spectra in dilute
toluene solutions (1 x 107> M) at room temperature and normalized fluorescence spectra doped in a CBP thin film (7 wt%). (b) Transient PL curve of 7 wt%
DPDPZ-PhPXZ doped in a CBP thin film (inset: prompt PL decay curve). (c) Transient PL curve of 7 wt% DPDPZ-PXZPh doped in a CBP thin film (inset:
prompt PL decay curve). (d) Radiative rates (k,) and nonradiative rates (kic) of the two emitters.
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regioisomers demonstrate double-exponential decays, revealing
their TADF characteristics, while the decay trends are obviously
different.’” The prompt decay lifetimes (,) and delayed lifetimes
(tq) are evaluated to be 11.64 ns and 397.80 ps for DPDPZ-PXZPh
and 32.68 ns and 15.43 ps for DPDPZ-PhPXZ, respectively. Their
dps were evaluated by using an integrating sphere at room
temperature. The overall @py, is as high as 95% for DPDPZ-PXZPh,
substantially higher than that of DPDPZ-PhPXZ (68%), manifesting
the higher exciton utilization of DPDPZ-PXZPh. Based on the above
results, the key kinetic parameters are further calculated to better
understand the structure-performance relationships of this pair of
regioisomers. As summarized in Table S1 (ESIt), while both regioi-
somers exhibit close ki values of ~4 x 10° s, k, of DPDPZ-PXZPh
is estimated to be 5.81 x 10" s~ 7, lifting approximately 6.2-fold that
of DPDPZ-PhPXZ (0.93 x 107 s ). The larger k, value of DPDPZ-
PXZPh is due to its enhanced HOMO-LUMO overlap and thus
larger f, which is very important for ultimately harvesting excitons
(Fig. 3d).

To shed light on the effect of different linking modes at
intermolecular levels, single crystals of DPDPZ-PXZPh and
DPDPZ-PhPXZ were cultivated from the chloroform/ethyl acet-
ate mixed solution and chloroform/ethanol mixed solution,
respectively, and further analyzed via X-ray diffraction (XRD)
measurements. Fig. 4 depicts the molecular geometries of both
regioisomers in the crystal samples. DPDPZ-PhPXZ displays a
more obvious torsional conformation than DPDPZ-PXZPh. The
flatter geometry of DPDPZ-PXZPh is beneficial for intermolecu-
lar n-m interactions, especially in highly disordered conditions
(e.g., doped films). Fig. 4 also shows molecular packings in the
crystal lattices. It is notable that the peripheral pyridine groups
in DPDPZ-PXZPh engage in a pair of C-H---N hydrogen bonds
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with a distance of 2.578 A, which is helpful to suppress the
nonradiative loss and thus rigidify the overall system, whereas
such interactions are not found between DPDPZ-PhPXZ
molecules.®® It is worth noting that although both molecules
are arranged in similar “head-to-tail” manners, DPDPZ-PXZPh
shows a relatively closer stacking with an interplanar distance of
3.289 A compared to DPDPZ-PhPXZ (3.457 A), which supports a
redder emission wavelength of DPDPZ-PXZPh under host-guest
conditions.

Electroluminescence properties

To explore the effect of the D/A linking modes on electrolumines-
cence (EL) performance, multi-layer OLEDs were fabricated with a
configuration of ITO/HATCN (7 nm)/TAPC (35 nm)/TCTA (10 nm)/
mCP (10 nm)/emitting layers (EML) (20 nm)/TmPyPB (45 nm)/LiF
(1 nm)/Al, where ITO (indium tin oxide) and Al were used as the
anode and the cathode, respectively; HATCN (1,4,5,8,9,11-hexa-
azatriphenylenehexacarbonitrile), TAPC (di[4-(N,N-ditolyl-amino)-
phenyljcyclohexane), TmPyPB (1,3,5-tri[(3-pyridyl)phen-3-yl]-
benzene) and LiF served as the hole-injecting, hole-transporting,
electron-transporting and electron-injecting layers, respectively;
TCTA (tris(4-(9H-carbazol-9-yl)phenyl)amine) and mCP (1,3-bis(N-
carbazolyl) benzene) both function as exciton blocking layers.
In the EML, DPDPZ-PXZPh and DPDPZ-PhPXZ were doped into
the CBP host at various doping concentrations in the range of
5-11 wt%. The energy level diagrams of the OLED devices and
corresponding used materials are shown in Fig. 5a and Fig. S7a
(ESIt). The key EL performances of all these devices are summarized
in Table 2.

As displayed in Table 2, at each doping level, the DPDPZ-
PXZPh-based OLED exhibits a slightly redder EL spectrum in
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Fig. 4 Molecular geometries and packing modes of (a) DPDPZ-PXZPh and (b) DPDPZ-PhPXZ in single crystals.
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doping concentrations. (c) EQE versus luminance curves. (d) EQE summary of TADF materials based on the dibenzola,clphenazine backbone with EL

spectral peaks in the range of 560-630 nm (see Table S2 for details, ESIT).

Table 2 Summary of device performances of DPDPZ-PXZPh- and DPDPZ-PhPXZ-based OLEDs at various doping concentrations

Emitters Conc. (Wt%) Peak (nm) E_(cdA™) E_(Imw) EQE__ (%) CIE (x,y)

DPDPZ-PXZPh 5 592 56.5 52.2 25.1 (0.54, 0.44)
7 600 54.4 40.7 28.0 (0.57, 0.43)
9 604 42.5 38.2 23.8 (0.58, 0.42)
11 608 37.4 35.6 21.6 (0.60, 0.40)

DPDPZ-PhPXZ 5 580 42.9 34.6 16.2 (0.49, 0.47)
7 584 47.9 45.6 17.8 (0.51, 0.48)
9 588 41.1 39.1 16.8 (0.52, 0.47)
11 592 34.7 33.0 14.5 (0.53, 0.46)

the range of 592-608 nm relative to the corresponding DPDPZ-
PhPXZ-based OLED (580-592 nm), which is in line with their
film PL results. Inspiringly, the 7 wt% DPDPZ-PXZPh-doped
device achieves a red EL emission peaking at 600 nm and reaches
the best performance with a maximum EQE of 28.0%, maximum
current efficiency (CE) of 54.4 cd A" and maximum power efficiency
(PE) of 40.7 Im W (Fig. 5b and c). Such device performance is not
only evidently superior to that of the DPDPZ-PhPXZ-based device
(EQE = 17.8%, CE =47.9 cd A", and PE = 45.6 Im W~ ") but also an
outstanding result among TADF emitters taking the dibenzo[a,c}-
phenazine moiety as the A main body with emission peaks between
560 and 630 nm (Fig. 5d). A larger k,, smaller &, and higher @p;, of
DPDPZ-PXZPh, which all result from its better D-A linking mode, are
responsible for its much-improved EL efficiencies, further validating
the effectivity of the regioisomeric approach from the D side.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

Conclusions

In summary, we designed and synthesized two regioisomeric red
TADF emitters, DPDPZ-PXZPh and DPDPZ-PhPXZ, by manipulat-
ing the linking sites in terms of the D segment. DPDPZ-PXZPh
with the 3-position connected PhPXZ group features a milder D-
A linking mode, exhibiting a higher f and lower reorganization
energies relative to the control compound DPDPZ-PhPXZ with a
conventional 14-position connected PhPXZ. As a result, DPDPZ-
PXZPh offers a higher k;, which shows overwhelming superiority
over the k¢, thus bringing about a much-improved @p;, of 95%
with respect to DPDPZ-PhPXZ. Correspondingly, the optimized
DPDPZ-PXZPh-based OLED realizes a redder EL performance
peaking at 600 nm and a superior EQE of 28.0%, presenting the
highest value among ever-reported TADF emitters containing

Mater. Chem. Front., 2024, 8, 1120-1127 | 1125
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dibenzo[a,c]phenazine A fragments thus far. This work high-
lights the potential of managing D connecting patterns for
constructing high-efficiency red TADF emitters, providing a
straightforward strategy for developing highly efficient red OLED
emitters from the aspect of D regioisomerism.
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