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Tuning the space and charge in molecular delocalization of Highly
Efficient Blue TADF Emitters Based on a 3,4,6,7,9,10-
Hexahydroacridine-1,8(2H,5H)-dione Acceptor

Mageshwari Anandan?, Sohrab Nasiri®4*, Praveen B. Managuttic, Sharmarke Mohamed¢, Juozas
Padgurskas®, Raimundas Rukuizad, Jean Michel Nunzi ¢, Yuning Li°*, Venkatramaiah Nutalapati™*

Development of stable and efficient blue thermally activated delayed fluorescence (TADF) emitters remains challenging due
to intrinsic trade-offs among high excited-state energy, small singlet-triplet energy splitting (AEst), suppressed nonradiative
decay, and solid-state morphological stability. A major limitation lies in the scarcity of acceptor units that simultaneously
enable deep-blue emission, conformational rigidity, and resistance to aggregation-induced quenching. Here, we introduce
saturated 3,4,6,7,9,10-hexahydroacridine-1,8-dione (HHAD) as an unconventional acceptor for blue TADF emitters. Unlike
conventional planar acceptors, HHAD combines strong electron-withdrawing carbonyl groups with an intrinsically nonplanar
and rigid framework. Two phenyl-bridged donor-m-acceptor emitters incorporating carbazole donors were designed to
regulate intramolecular motion through linkage topology. Single-crystal X-ray diffraction reveals twisted donor—acceptor
geometries with suppressed m-it stacking. Consequently, both emitters exhibit aggregation-induced emission, solid-state
photoluminescence quantum yields exceeding 80%, and small AEsr values down to 0.06 eV, enabling efficient reverse
intersystem crossing. The neat emitter device exhibits pure blue emission with CIE coordinates of (0.179, 0.183). Upon
optimization in a DPEPO host matrix, the device achieves an external quantum efficiency of 19.71%, a peak brightness of
48,859 cd m-2, and a turn-on voltage below 3.06 V. These results demonstrate that conformationally engineered HHAD

acceptors offer an effective platform for high-performance blue TADF emitters.

Introduction

Organic light-emitting diodes (OLEDs) have rapidly become a
leading display technology in modern consumer electronics,
including smartwatches, smartphones and televisions, and are
increasingly being adopted in the automotive industry. Among the
primary colour components, blue OLEDs still lag their red and green
counterparts due to inherently lower efficiency, poorer stability, and
broader emission spectra.>?® Blue OLEDs require higher singlet
exciton energies and suffer from the low photopic sensitivity of
human vision to blue light.* These factors lead to significantly greater
power demands, elevated excitonic and thermal stress, and
ultimately accelerated material degradation. As a result, the
development of long-lived, high-efficiency blue emitters remain one
of the most pressing challenges in OLED display technology and a
major focus of ongoing research.> In contrast to phosphorescent
emitters, which rely on heavy metal complexes to utilize triplet
excitons, organic thermally activated delayed fluorescence (TADF)
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dyes are metal-free and therefore offer a cost-effective and
environmentally friendly alternative. TADF emitters can theoretically
achieve 100% internal quantum efficiency (IQE) by converting triplet
excitons into singlets via reverse intersystem crossing (RISC).
However, since RISC is thermally activated, its efficiency is highly
temperature-dependent, often limiting performance at lower
temperatures.®’ Particularly, designing efficient deep-blue TADF
emitters remains a significant challenge because 1) achieving a small
singlet-triplet energy gap (AEst) becomes increasingly difficult at
higher energies; 2) the spatial separation between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) reduces the oscillator strength and
photoluminescence quantum yield (PLQY); 3) high-energy blue
photons accelerate material degradation; and 4) there is an inherent
trade-off between efficiency, color purity, and device lifetime.®® To
overcome these challenges, donor-acceptor (D-A) molecules with
spatially separated HOMO and LUMO have been developed. Their
electronic structures must be precisely tuned to preserve strong
radiative transitions while suppressing non-radiative decay
pathways.1® Additionally, rigid and thermally stable molecular
frameworks help minimize vibrational relaxation and enhance device
durability,’*13 while bulky substituents mitigate aggregation-caused
quenching (ACQ) and preserve emission color purity in the solid
state.’*15 Acceptor building blocks play a critical role in achieving
efficient deep blue emitters, with electroluminescence (EL) emission
wavelengths below 490 nm.1® A wide range of acceptor units have
been extensively explored, including triazine (TRz), pyrazine,
pyrimidine, boron-based moieties, nitrile (CN)-substituted benzenes,
oxadiazoles, sulfones, and ketone-functionalized aromatics. Among
these, TADF blue emitters incorporating boron-based acceptors have
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demonstrated the best color purity and device efficiency, while
triazine-based emitters have shown superior device stability.16-1°
Nevertheless, the overall performance of current blue TADF emitters
remains inadequate for practical applications, highlighting the need
for continued development of novel acceptor building blocks to
further enhance device efficiency, stability, and emission
characteristics. 9,10-Dihydroacridine (DHACR), which contains an
electron-donating bridging nitrogen atom, is a well-known electron-
donating building block for TADF emitters,® particularly for several
high-performing blue emitters (Figure 1a).22 In contrast, its
saturated analog, 3,4,5,6,7,9-hexahydro-1H-10A%-acridine-1,8(2H)-
dione (HHAD), retains the same core framework but incorporates
two ketone groups, rendering it an electron-accepting building block.
Although HHAD derivatives have been investigated in dyes,
pharmaceuticals, optical materials, and catalysts,2426 their
application in OLEDs remains largely unexplored. Recently, we
employed HHAD as an acceptor building block to develop three host
materials, achieving a high external quantum efficiency (EQE) of up
to 13% when a green TADF emitter 9-[4-(4,6-diphenyl-1,3,5-triazin-
2-yl)phenyl]-N3,N3,N6,N6-tetraphenyl-9H-carbazole-3,6-diamine
(DACT-Il) was used.?” Notably, these HHAD-based compounds
exhibited high and balanced hole and electron mobilities, with space-
charge-limited current (SCLC) values on the order of ~10* to 103 cm?
V1 sl which significantly contributed to enhanced device
performance. Building on recent advances, this study employs HHAD
as an acceptor and 9-phenyl-9H-carbazole (CzPh) as a donor to
design two isomeric D-A type blue TADF emitters: Dye 1 and Dye 2
(Figure 1b). In Dye 1, a phenylene spacer connects the para-position
of the N-phenyl group in CzPh to the C-9 position of HHAD. In Dye 2,
the same spacer links the 3-position of the carbazole core directly to
C-9 of HHAD. Both dyes exhibit deep blue emissions, with optical
energy gaps of 2.66 eV (Dye 1) and 2.98 eV (Dye 2). They also possess
small AEst values 0.07 and 0.06 eV, respectively, features conducive
to efficient reverse intersystem crossing and blue TADF behavior.282°
Structurally, Dye 1 contains two freely rotating bonds between the
HHAD acceptor and the carbazole donor: one between the
phenylene spacer and the N-phenyl group, and another between the
N-phenyl group and the carbazole core. In contrast, Dye 2 has only
one such rotatable bond, between the phenylene spacer and the
carbazole. This makes Dye 2 more conformationally rigid, which
helps suppress intramolecular motions, enhances electronic
coupling, and reduces non-radiative decay.

As a result, Dye 2 delivers significantly better device performance
than Dye 1. In OLED devices, Dye 2 emits blue light with CIE
coordinates of (0.179, 0.183), achieving a maximum external
quantum efficiency (EQE) of 19.71%, a peak brightness of 48,859
cd.m?, and a low turn-on voltage below 3.06 V. The exceptionally
high brightness provides substantial headroom, enabling operation
at low drive voltages under typical conditions (e.g., <1000 cd.m?),
which helps extend device lifetime.3° This performance also makes
Dye 2 well-suited for outdoor applications, micro displays, AR/VR
systems, and specialized lighting applications where high luminance
is critical.3132 Compared to other blue TADF emitters based on
established acceptor building blocks (Table S6), our materials exhibit
not only competitive brightness but also superior performance
across key parameters, including EQE, color purity, turn-on voltage,
and power efficiency. These results underscore the potential of
HHAD as promising acceptor building blocks for the development of
high-performance blue TADF emitters with strong prospects for
practical applications. Despite significant progress in TADF dyes, the
development of highly efficient and stable blue emitters remains a
major challenge. Efficient blue TADF emitters must simultaneously

2| J. Name., 2012, 00, 1-3

possess a high excited-state energy, a small AEsr, high PLQY, strong
resistance to aggregation-caused quenching)@ndoexcel et thesrtad
and morphological stability. However, these requirements are often
mutually conflicting. Many existing acceptor units either fail to
provide sufficiently deep-blue emission or suffer from increased non-
radiative losses, limited molecular rigidity, and poor solid-state
performance. Therefore, identifying new acceptor building blocks
capable of balancing excited-state energy, singlet—triplet energy
splitting, molecular rigidity, and solid-state emission efficiency
remains a critical challenge in the development of next-generation
blue TADF materials. In this work, we address this challenge by
introducing HHAD as a novel acceptor building block and
investigating how conformational engineering can improve blue
TADF performance, aggregation behavior, and OLED device
efficiency.

() (b)
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Figure 1. (a) Representative thermally activated delayed fluorescence (TADF) blue
emitters incorporating DHACR as the donor unit. (b) Molecular structures of Dye 1 and
Dye 2 developed in this work, in which HHAD serves as the acceptor unit. (c) Synthetic
routes to Dye 1 and Dye 2 via Suzuki coupling reactions.

Results and discussion
Synthesis and Characterization of Dyes

Prior to synthesis, density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations were carried out to investigate
the electronic structures of the two dyes. Geometry optimizations of
the isolated molecules were first performed at the ground state using
the B3LYP functional.3® The optimized structures were subsequently
employed in TD-DFT calculations to determine the excited-state
energy levels, using the same basis set. As illustrated in Figure S11,
the HOMOs are primarily localized on the carbazole donor units,
while the LUMOs are predominantly distributed over the HHAD
acceptor moieties. This spatial separation between the HOMO and
LUMO is a key molecular design feature that minimizes the exchange
interaction between the electron and hole, thereby enhancing the
resonance effect and achieving a small AEsr, which is essential for
efficient RISC.1334 The DFT calculated HOMO and LUMO energy levels
are summarized in Table 1. Compared to Dye 1, Dye 2 exhibits
elevated HOMO and LUMO energy levels as well as a larger band gap.
Dye 1 and Dye 2 were synthesized in moderate yields (48% and 41%,
respectively) via Pd-catalyzed Suzuki-Miyaura coupling of the
corresponding CzPh-derived boronic acids with HHADBr (Figure 1c).
HHADBr was prepared in one pot by condensing dimedone, 4-
bromobenzaldehyde, and aniline (Scheme S1). Their structures were
confirmed by 'H and 3C NMR (Figure S1-S4) and high-resolution
mass spectrometry (HRMS) (Figure S7-S8).

This journal is © The Royal Society of Chemistry 20xx
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Tm/Td: DFT EHOMO/ELUMOp cv Amax, abs, M }\max, em, NM PLQYp % Eg opty eV
Dye °C eV 3IP/EA, eV THF/Tol/Film THF/Tol/Film THF/Tol/Film Film
Dye 1 277/439 -5.43/-1.88 5.72/3.06 256/256/255 422/449/466 1/5/44 2.66
Dye 2 286/452 -5.32/-1.75 5.59/2.61 294/285/251 422/455/439 11/3/57 2.98
(a) IP values were calculated by the formula [-(Egnset of oxidation+4-8)],3>3¢ while EA values were determined using EAcy= (chv+Egpt).

Thermal properties of synthesized dyes were evaluated using
derivative thermogravimetry (DTG) and differential scanning
calorimetry (DSC) (Figure S12 and Table 1). DSC measurements
reveal high melting temperatures (T@) of 277 °C for Dye 1 and 286 °C
for Dye 2, while the maximum decomposition temperatures are
observed at 439 °C and 452 °C for Dye 1 and Dye 2, respectively.
These excellent thermal properties indicate that both dyes are well
suited for device fabrication processes, such as physical vapor
deposition (PVD), and ensure sufficient thermal stability for OLED
device operation.

Single crystal X-ray Diffraction Analysis

Single crystals of Dye 1, Dye 2 and HHADBr were obtained by
dissolving the compounds in a dichloromethane (DCM):
methanol (MeOH) (1:4 v/v) mixture, followed by slow
evaporation at room temperature. X-ray crystallographic data
and refinement parameters are summarized in Table S1. Dye 1
and Dye 2 crystallized in the monoclinic crystal system with
space groups of P 21/c and P2:/n, respectively, whereas
HHADBr is in the orthorhombic system with the Pbca space
group. Figure 2 represents the ORTEP diagrams (50% of the
thermal ellipsoids) of Dye 1, Dye 2 and HHADBr. Supramolecular
interactions visualized in crystal packing are provided in Figure
S10.

Figure 2. ORTEP diagrams of (a) Dye 1, (b) Dye 2, and (c) HHADBr, shown with 50%

probability thermal ellipsoids, based on single-crystal X-ray diffraction data.

As shown in Figure 2, Dye 1 exhibits a dihedral angle of 78.12° (A)
between HHAD and the phenylene spacer and an angle of 89.74° (B)
between the HHAD and its N-phenyl group. In contrast, Dye 2 shows
a dihedral angle of 81.40° (C) between HHAD and the phenylene
spacer, and a dihedral angle of 62.10° (D) between HHAD and the N-
phenyl group. These angular differences reflect conformational
flexibility and molecular asymmetry. Dye 1 revealed a diverse array
of weak non-covalent interactions contributing to the overall crystal
stability. Several close contacts were observed between carbon and
hydrogen atoms, with C-+-H and H---H distances ranging from 1.592 A

This journal is © The Royal Society of Chemistry 20xx

to 2.945 A, indicative of van der Waals interactions and possible
weak hydrogen bonding. Notably, very short H:--H distances such as
H55---H47 (1.592 A) and H7--H47 (1.949 A) suggest dense molecular
packing. Interactions such as O1---H48C (2.574 A) and H24---H54 (2.36
R) also imply the presence of weak hydrogen bonds that further
stabilize the lattice. However, the centroid-to-centroid distances
between aromatic carbazole and phenyl rings 5.217, 5.418, and
5.597 A exceed the typical range for strong m-mt stacking (3.3-3.8 A),
suggesting that classical face-to-face stacking is minimal. Instead,
molecular packing is likely supported by slipped or edge-to-face
aromatic interactions combined with a complex network of weak
intermolecular contacts. Dye 2 exhibits a dihedral angle between

HHAD and CzPh (C4-C12-C32-C21) was -106.8° indicating a

pronounced twist that precludes planarity and restricts through-
bond conjugation. Between the phenyl spacer and the carbazole, the

torsion angle C34-C29-C25-C2 measures 141.2°, suggesting a partially
extended yet non-coplanar conformation. A near-perpendicular

geometry of 78.4° (C20-N2-C18-C45) is observed between the

carbazole and its 9H-position substituted phenyl ring, a conformation
typically adopted to alleviate steric hindrance around the nitrogen.

Additionally, the torsion angle of 115.5° (C46-C10-N1-C16) between

HHAD and its N-phenyl further highlights the conformational
flexibility of the system. These pronounced dihedral angles
collectively illustrate the non-planar character of Dye 2 compared to
Dye 1, which likely arises from a compromise between
intramolecular steric demands and the requirements of efficient
molecular packing within the crystal lattice. In the Dye 2 crystal
structure, the interatomic distances reveal a network of weak but
potentially significant non-covalent interactions (C-H---rt and H::-H)
that contribute to the overall crystal packing. Together, the torsional
distortions and intermolecular contacts suggest that crystal packing
in Dye 2 is driven by a delicate interplay of steric effects, disrupted
conjugation and non-covalent interactions. The presence of N-
phenyl substitution on HHAD in Dye 2 enhances lattice stabilization
by introducing steric bulk and rotational degrees of freedom that
increase the number and diversity of weak intermolecular
interactions. Furthermore, the spatial positioning of the Cz/CzPh unit
significantly influences lattice organization: asymmetric attachment,
as observed in Dye 2, induces torsional strain that disrupts
conjugation but simultaneously enables the molecule to adopt
favorable packing conformers. This facilitates denser crystal
assembly through co-operative non-covalent interactions. The
SCXRD analysis of HHADBTr reveals several close contacts indicative
of tight molecular packing. A weak hydrogen bond is observed
between H26A and 03 (2.415 A), while short H---H contacts such as
H32-+-H12 (2.371 A) and H21--H31C (2.347 A) suggest close
intermolecular proximity. Additional weak van der Waals
interactions include H32--C12 (2.941 A) and H19--C4 (2.888 A).
Notably, Br---H interactions (H17---BrO1 at 3.024 A and Br01---H2A at
3.057 A) indicate halogen-involved contacts that contribute to lattice

J. Name., 2013, 00, 1-3 | 3
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stabilization. Overall, the data reflects a densely packed and
stabilized crystal structure. Moreover, in HHADBr, the dihedral angle
between the hexahydroacridine ring and the C-substituted 4-

bromophenyl unit is 89.92°, whereas the angle between the

hexahydroacridine ring and the N-substituted phenyl group is 88.15¢.

These findings, along with the observed torsional flexibility and
dihedral angles, highlight a structural framework stabilized
predominantly by weak but spatially distributed supramolecular
forces rather than strong directional interactions. These molecules
are designed with a twisted donor-acceptor structure that helps
them emit light efficiently through TADF, while weak m-m stacking
prevents them from losing brightness when packed together (no
ACQ). Their tight but non-planar packing adds rigidity, reducing
energy loss. Altogether, these features make Dye 1 and Dye 2 strong
candidates for bright, stable OLED displays and lighting with low
efficiency loss.

Optoelectronic properties

UV-Vis and PL Properties: The photophysical properties of the two
dyes were investigated using by UV-Vis absorption and PL
spectroscopy in both dilute solutions and spin-coated thin films
(Table 1). As shown in Figure 3a, the wavelength of maximum
absorption (Amax, abs) in THF (10> M) appeared at 256 for Dye 1 and
294 nm for Dye 2, along with a weaker band near 320 nm, which are
attributed to the local m>mn* and n->m* transitions of the HHAD
derivatives, respectively.?’ In addition, the low intensity absorption
tail observed beyond ~350nm range is attributed to weak
intramolecular charge transfer (ICT) transitions between the
electron-donating Cz unit and the electron-accepting HHAD. In the
solid state, the Amax, abs fOr the spin-coated films of dyes were found
at 255 and 251 nm, respectively (Figure 3c). The optical band gaps
(Egpt) of the dyes in thin film form were estimated from their
excitation spectra (Figure 3c), and values are in the range of 2.66 to
2.98 eV (Table 1). As illustrated in Figure 3c, both dyes emit blue
light, with wavelengths of maximum emission (Amax, em) at 466 nm
(Dye 1), and 439 nm (Dye 2). Furthermore, they exhibit
hypsochromic and bathochromic shifts depending on the solvent
used. These spectral variations are likely attributable to differences
in intermolecular aggregation, variations in the torsional angles of
the phenyl units, and microenvironmental polarity, all of which
influence molecular conformation, packing and electronic
interactions in solution versus solid-state environments.3’” To
investigate the changes in dipole moment upon excitation, the
Stokes shifts were analyzed using Lippert-Mataga plots (Av vs Af) as
shown in Figure S14, with the extracted values listed in Table S2. In
all solvents, Dye 1 exhibited a larger Stokes shift than Dye 2,
indicating that upon excitation, Dye 1 undergoes more pronounced
geometric or electronic relaxation before emission.383° This behavior
is likely attributed to the more flexible D-A architecture of Dye 1. The
slope of the linear fit reflects the extent of dipole moment change
between the ground and the excited states. Dye 1 exhibited a higher
slope (3533 cm™) than Dye 2 (1436 cm™), indicating a stronger ICT
character upon excitation and supporting the occurrence of
electronic rearrangement.*%4! This enhanced ICT behavior likely
arises from the greater rotational freedom of Dye 1, which facilitates
a more coplanar and efficient conjugation pathway between the
donor and acceptor units in the excited state. Similarly, in the solid
state, Dye 1 also exhibited a much larger Stokes shift, indicating that
it retains greater rotational freedom than Dye 2. These observations
further support that Dye 2 possesses a more rigid molecular

4| J. Name., 2012, 00, 1-3

architecture, which effectively suppresses vibrationa), energy doss,
enhancing emission efficiency and leadingDtol: aoshaster emission
wavelength (i.e., purer blue emission) (Table 1).
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Figure 3. (a), (c) UV-Vis absorption and PL emission spectra of the dyes in various
solutions and film, (b) PL decay profiles of the dyes in toluene and THF and (d) PL decay
behavior of the films at different temperatures.

Frontier Energy Levels: To investigate the frontier energy levels,
cyclic voltammetry (CV) measurement was performed on the
compounds dissolved in dichloromethane (DCM) (Figure S13 and
Table 1). From the onset oxidation potentials, the HOMO energy
levels or ionization potentials (IPcy) were determined to be -5.72 eV,
and -5.59 eV for Dye 1 and Dye 2, respectively. These values agreed
with the HOMO energy levels calculated using DFT. In addition, their
electron affinity (EAcy) values obtained from the CV plots were -3.06
and -2.61eV, respectively.

AIE Properties: The PLQYs of the spin-coated thin films were
significantly higher than those measured in polar (THF) and non-
polar (toluene) solutions (Table 1), indicating enhanced emission in
the aggregated solid-state phase. To investigate this aggregation-
induced enhancement, PL spectra were recorded in THF/water
mixtures with increasing water fractions (0-95 %), as shown in Figure
4. As the water content increased, the photoluminescence intensity
also increased, confirming the presence of AIE. This enhancement is
attributed to the restriction of intramolecular motions (RIM) such as
bond rotations and vibrations, which suppress non-radiative decay
pathways.#?4344 In particular, for Dye 1 (Figure 4a), as the water
fraction increases (poor solvent, aggregation condition), the PL
intensity rises sharply, reaching a maximum at around 70% water,
and then decreases at higher water contents, this trend is a hallmark
of gradual AIE. The observed color change is attributed to altered
molecular packing and excited-state interactions in the aggregated
state.®>%¢ The rigid aggregated state also reduces molecular
degradation, potentially improving the thermal and operational
stability of these compounds in OLED applications.*”

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. PL spectra and corresponding plots of the relative PL intensity of the dispersed
(a) Dye 1 and (b) Dye 2 in THF/H,0 mixtures with different water volume fractions (fy).

TADF Characteristics: To evaluate the behavior of TADF, the PL
spectra of the dyes dissolved in toluene were measured at room
temperature under air and N, (Figure S17). The PL intensity ratio
(%) serves as an indicator of the TADF contribution, since oxygen
efficiently quenches triplet excitons and suppresses delayed
fluorescence. Dye 2 exhibited the highest PL ratio of 16.54, strongly
suggesting the most efficient TADF contribution via RISC from the
triplet to the singlet state, consistent with literature report.*® In
addition, for the Dye 2 solution in THF, the polar environment
stabilizes the excited CT state, effectively reducing the non-radiative
decay pathways and resulting in enhanced PLQY. In contrast, Dye 1
exhibited an opposite trend, likely due to its weaker CT character in
THF, as previously reported.*®>° As shown in Figure 3b, the PL decay
curves in solution are in the nanosecond range, which is
characteristic of prompt fluorescence. However, in the films (Figure
3d), the decay extends into the microsecond range, which can be
attributed to delayed fluorescence due to restricted molecular
motion, enhanced ISC and triplet harvesting in the rigid solid-state
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matrix.>! Moreover, decreasing the temperature resylts in, shorter
emission lifetimes, a key signature of the TADF nischanisnoicHis
behavior supports the involvement of RISC, through which triplet
excitons are upconverted to the singlet state via a thermally
activated process (also illustrated in Figure S18). The PL and
phosphorescence (PH) spectra of the spin-coated neat films are
presented in Figure 5a. The AEst values, calculated as the energy
difference between the onsets of the singlet (S1) and triplet (Ti)
states, are found to be 0.07 eV for Dye 1, and 0.06 eV for Dye 2,
respectively. These small values confirm that both dyes are capable
of efficient TADF, as such narrow singlet-triplet energy gaps facilitate
RISC from the local triplet state (3LE) to the charge-transfer singlet
state (CT) at room temperature.®>>3 To further verify that the
emission behavior is governed by the TADF mechanism, power-
dependent PL measurements were performed by varying the
excitation pulse energy. As shown in Figure 5b, the PL spectra of the
films excited at 350 nm exhibited a monotonic increase in emission
intensity with increasing excitation power. Notably, the emission
peaks remained unchanged in position, indicating no significant
spectral shift. This stability suggests that exciton-exciton annihilation
or aggregation effects are negligible within the tested power range.
The log-log plots of PL intensity versus excitation power (Figure 5c)
were linearly fitted for each dye to assess the nature of the emission
process. Dye 2 showed a larger slope (1.07) than Dye 1 (0.96),
implying a strong contribution from triplet-singlet up-conversion,
which is a hallmark of efficient TADF under photoexcitation. Since
both slopes are below 2, the emission does not involve triplet-triplet
annihilation (TTA) or bimolecular/triplet fusion processes. These
results confirm that the observed delayed fluorescence arises from a
monomolecular process consistent with TADF, as previously
reported.>4>>
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Figure 5. (a) PL and PH spectra of the dyes at 77 K and (b), (c) dependence of the emission intensity (measured with a delay of 50 ps after excitation) on the fluence of the excitation

laser. The observed quadratic dependence indicates that the emission originates from a TADF process.

Forster and Dexter Energy Transfer: The Forster and Dexter energy
transfer mechanisms represent two fundamental non-radiative
energy transfer pathways between a host and a guest (or dopant),
where the host typically serves as the energy donor and the dopant
as the energy acceptor. Forster energy transfer occurs via long-range
dipole-dipole interactions and requires spectral overlap between the
PL spectrum of the host and the absorption spectrum of the guest. In
contrast, Dexter energy transfer is a short-range process based on
electron exchange, also dependent on spectral overlap and
molecular orbital compatibility. To explore these mechanisms, bis[2-
(diphenylphosphino)phenyllether oxide (DPEPO) was selected as the
host material due to favorable emission characteristics, including a
solid-state PL peak centered around 302 nm (Figure $19).°6>7
Additionally, DPEPO offers excellent thermal stability, and favorable
electronic properties, including a HOMO energy level of ~ -6.1 eV, a
LUMO energy level of ~-2.0 eV, and high triplet energy level, making
it a well-balanced host material for TADF emitters.>® As summarized

This journal is © The Royal Society of Chemistry 20xx

in Table S3, the PLQY of the host-guest films increased with the
incorporation of DPEPO. The blend films containing 90 wt% DPEPO
exhibited 1.55- and 1.42-fold enhancements in PLQY for Dye 1 and
Dye 2, respectively, compared to their neat films. The highest PLQY
of 81% was obtained for the 10% Dye 2: 90% DPEPO blend. These
improvements are attributed to the spatial separation of the emitter
molecules in the host matrix, which suppresses n-it stacking, dexter
energy transfer, and non-radiative decay simultaneously.
Importantly, incorporation of DPEPO did not induce any notable blue
or red shift in PL emission. As shown in Figure 6a and summarized in
Table 1, the PL maxima remained stable, confirming that the
emission color (blue) was retained and not significantly affected by
host—guest interactions. Further insights into the host-guest
interactions were obtained from the PL decay spectra (Figure 6b).
The decay lifetimes (t) increased with higher DPEPO content, as
shown in Table S4, accompanied by a more pronounced delayed
fluorescence component, particularly for Dye 2. This behavior

J. Name., 2013, 00, 1-3 | 5
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indicates more effective triplet harvesting, enhanced RISC, and
possibly improved intermolecular interactions in the blend films. The
RISC rate constants (krisc) for the 90 wt% DPEPO-blended films are
8.78x10% s for Dye 1 and 4.3x10% s for Dye 2, respectively (Table
S5). These findings are consistent with the small AEsr values and align
with previously reported TADF systems.>°
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Figure 6. (a) and (b) PL decay spectrum (at room temperature) of spin-coated doped dyes
using different concentrations of DPEPO as the host material.

OLED Device Performance

OLED devices using neat Dye 1, Dye 2, and their DPEPO-blended films
as emissive layers (EMLs) were fabricated by physical vapor
deposition (PVD). The device architecture (Figure 7a) was
ITO/HATCN (15 nm)/TAPC (60 nm)/EML (10 nm)/TmPyPB (40

Journal Name

nm)/LiF/Al. Here, 1,4,5,8,9,11-hexaazatriphenylenehexacarhonitrile
(HATCN) served as the hole injection lager!: (H1Q)391%bis[{di4¢
tolylamino)phenyl]cyclohexane (TAPC) as the hole transport layer
(HTL), and 1,3,5-tri(m-pyridin-3-ylphenyl)benzene (TmPyPB) as both
the electron-transport and hole-blocking layer. Lithium fluoride (LiF)
and aluminum (Al) were used as the electron-injection layer and
cathode, respectively, while indium tin oxide (ITO) served as the
transparent anode. The characteristics of representative OLED
devices are shown in Figures 7b-k and S20a, and the key EL
parameters are summarized in Table 2. All Dye 2-based devices
exhibited markedly higher luminance (L) than their Dye 1
counterparts. The maximum luminance values reached 27,786 cd.m"
2 for Dye 1 (90 wt% DPEPO) and 48,859 cd.m for Dye 2 (90 wt%
DPEPOQ), consistent with their PLQY trends and the more efficient
triplet-exciton utilization in Dye 2. At a DPEPO content of 90 wt%,
balanced charge injection enables efficient conversion of excitons
into radiative singlet states, while the high host concentration
provides optimal intermolecular spacing that minimizes
concentration quenching yet maintains efficient energy transfer.
60,6162 The EL spectra of the devices closely match the PL spectra of
the corresponding spin-coated films, confirming that the emissive
species retain their optoelectronic properties within the device
environment.
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Interestingly, the OLED device containing 70 wt.% DPEPO and 30
wt.% Dye 2 exhibited a noticeable blue shift in the EL emission peak
(452 nm) and corresponding CIE coordinates compared with the
devices containing 90 wt.% and 50 wt.% DPEPO. This behavior is
likely associated with changes in the local host—guest environment
and molecular packing at this specific composition. The reduced
intermolecular interactions and aggregation effects at the
intermediate doping concentration may lead to a less stabilized
charge-transfer excited state, resulting in higher excited-state energy
and a blue-shifted emission. In addition, variations in exciton
recombination zones and host—guest interactions can influence the
emission characteristics, leading to the observed deviation in both EL
wavelength and CIE coordinates. Similar concentration-dependent
spectral variations have been reported in host—guest TADF systems
and are commonly attributed to changes in molecular packing and
excited-state interactions. Among devices with comparable EML
thickness (~10 nm), the neat Dye 2-based OLED exhibits the lowest
turn-on voltage (3.08 V) and the purest blue emission with CIE
coordinates of (0.179, 0.183) (Table 2). Increasing the DPEPO
concentration leads to enhanced external quantum efficiency (EQE),
in agreement with the PLQY trend (Table S3), owing to improved
exciton confinement, suppressed aggregation, and more efficient
TADF emission.®3 The maximum EQE values are achieved at 90 wt%
DPEPO, reaching 15.58% for Dye 1 and 19.71% for Dye 2. The well-
aligned HOMO and LUMO energy levels of the dyes and the DPEPO
host facilitate balanced charge injection and reduce Joule heating,
resulting in improved current efficiency (CE) and power efficiency
(PE). Notably, all Dye 2-based devices significantly outperform their
Dye 1 counterparts, achieving a maximum CE of 37.66 cd.A! and PE
of 33.73 Im.W-L. This enhancement is primarily attributed to the
more rigid molecular backbone of Dye 2, which effectively
suppresses vibrational energy loss. Overall, these results highlight
the synergistic effects of molecular design, host-guest energy
alignment, and optimized device architecture. Comparison with
reported blue TADF emitters (Table $S6) demonstrates that these
dyes achieve performance comparable to or exceeding state-of-the-
art systems, underscoring their strong potential for high-efficiency
blue OLED applications. In addition to the high maximum EQE values,
the devices exhibited relatively low efficiency roll-off with increasing

This journal is © The Royal Society of Chemistry 20xx

luminance. This behavior is mainly attributed to the small AEst values
of Dye 1 and Dye 2, which promote efficient RISC and reduce triplet
accumulation under device operation. The high PLQY of the emitters,
together with the rigid and twisted molecular structures, suppresses
non-radiative decay and aggregation-induced quenching. Moreover,
the favorable host—guest energy alignment and balanced charge
transport within the emitting layer reduce exciton-related loss
pathways, including triplet—triplet annihilation (TTA) and triplet—
polaron annihilation (TPA). Consequently, efficient exciton utilization
is maintained even at elevated brightness levels, resulting in reduced
efficiency roll-off and stable OLED performance.

Experimental Section

Synthesis of 9-(4'-(9H-carbazol-9-yl)-[1,1'-biphenyl]-4-yl)-3,3,6,6-
tetramethyl-10-phenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (Dye 1): 9-(4-Bromophenyl)-3,3,6,6-tetramethyl-10-phenyl-
3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione  (HHADBr) (200
mg, 0.4 mmol) and (4-(9H-carbazol-9-yl)phenyl)boronic acid (108 mg,
0.4 mmol) were dissolved into 15 mL of tetrahydrofuran (THF). 5 mL
aqueous solution of K,COs3 (1.2 mmol) was then added, and the
mixture was stirred for 30 min at room temperature. Pd(PPhs), (20
mol% over HHADBr) was added, and the mixture was heated to 80
oC for 12 h under argon atmosphere. After cooling to room
temperature, the mixture was quenched with 30 mL of water. The
product was extracted with ethyl acetate (3x30 mL) and dried over
Na,S0a.. The solvent was removed under reduced pressure. The crude
product was purified by silica gel column chromatography using
hexane/ethyl acetate (1:1, v/v) as the eluent, affording Dye 1 as a
pale-yellow solid (yield: 48%). 'H NMR (CDCls, 500 MHz) (ppm): &
8.07 (d, J=5 Hz, 2H), 7.7 (d, J=10 Hz, 2H), 7.52-7.51 (m, 7H), 7.39-7.33
(m, 5H), 7.22 (t, J=10 Hz, 4H), 5.29 (s, 1H), 4.04 (q, J=10 Hz, 1H) 2.19-
2.11 (m, 4H), 2.05-1.97 (m, 4H), 0.89 (s, 6H) and 0.78 (s, 6H). 3C{1H}
NMR (CDCls, 125 MHz): 6 196.02, 149.89, 145.80, 140.91, 140.50,
139.12, 137.73, 136.38, 129.47, 128.53, 128.32, 127.20, 126.93,
125.93, 123.37, 120.28, 119.88, 114.54, 109.90, 50.24, 41.89, 32.63,
32.48, 29.76 and 26.84 ppm. HR-MS (m/z) [Ca7H42N20,]*: Calcd.
666.3246 found 667.3330 [M+H]*.
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Table 2. Summary of device performance parameters for fabricated non-doped and doped devices.
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TurnonV, Maximum L, MaximumCE, MaximumPE, Maximum Maximum

EML (V) (cd.m??) (cd.A?Y) (Im.w-) EQE, (%) EL, nm CIE (X, Y)

Dye 1 4.41 10122 8.99 5.10 1.98 448 (0.181, 0.200)
90% Dye 1 4.05 18558 19.17 8.86 6.03 481 (0.222,0.312)
70% Dye 1 441 19312 20.02 10.02 9.02 479 (0.229, 0.322)
50% Dye 1 3.69 20609 21.20 14.29 10.22 478 (0.230, 0.313)
30% Dye 1 4.23 27045 22.08 14.14 12.21 478 (0.225, 0.318)
10% Dye 1 4.32 27786 29.14 18.07 15.58 473 (0.228, 0.299)

Dye 2 3.08 16082 23.25 16.27 7.90 440 (0.179, 0.183)
90% Dye 2 3.42 23858 24.25 17.33 11.65 473 (0.179, 0.241)
70% Dye 2 3.42 25469 27.15 19.23 13.40 452 (0.173, 0.189)
50% Dye 2 3.42 34307 29.52 22.62 16.04 458 (0.188, 0.215)
30% Dye 2 3.33 42340 35.41 29.14 18.35 472 (0.192, 0.277)
10% Dye 2 3.06 48859 37.66 33.73 19.71 469 (0.167, 0.225)

Synthesis of 3,3,6,6-tetramethyl-10-phenyl-9-(4-(9-phenyl-9H-
carbazol-3-yl)phenyl)-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-
dione (Dye 2): HHADBr (200 mg, 0.4 mmol) and (9-phenyl-9H-
carbazol-3-yl)boronic acid (108 mg, 0.4 mmol) were dissolved in 15
mL of THF. 5 mL aqueous solution of K;CO3; (1.2 mmol) was added,
and the mixture was stirred for 30 min at room temperature.
Pd(PPhs)s (20 mol% over HHADBr) was then introduced, and the
mixture was heated to 80 2C for 12 h under argon atmosphere. After
cooling to room temperature, the reaction was quenched with 30 mL
of water and extracted with ethyl acetate (3x30 mL). The combined
organic layers were dried over Na;SO4, and the solvent was removed
under reduced pressure. The crude product was purified by silica gel
column chromatography using hexane/ethyl acetate (1:1, v/v) as the
eluent to afford Dye 2 as a yellow-orange solid (yield: 41%). 'H NMR
(CDCl3, 500 MHz) (ppm): & 8.24 (s, 1H), 8.08 (d, J=10 Hz, 1H), 7.55-
7.48 (m, 12H), 7.38-7.33 (m, 4H), 7.22-7.17 (m, 3H), 5.28 (s, 1H), 2.17-
2.00 (m, 6H), 1.77 (d, J=20 Hz, 2H), 0.88 (s, 6H) and 0.77 (s, 6H).
13C{IH} NMR (CDCls, 125 MHz): & 195.99, 149.79, 144.66, 141.28,
140.16, 139.47, 139.17, 137.75, 133.74, 129.90, 129.43, 128.36,
127.44, 127.10, 127.06, 125.99, 124.50, 123.78, 123.59, 120.34,
119.97, 118.65, 114.68, 109.87, 50.28, 41.87, 32.48, 29.75 and 26.94
ppm. HR-MS (m/z) [Ca7H42N,0;]*: Calcd. 666.3246 found 667.3327
[M+H]*.

Conclusion

Achieving stable and efficient blue OLED emitters requires molecular
systems that can simultaneously support high-energy emission,
efficient triplet utilization, and suppression of nonradiative decay in
the solid state. This work identifies the saturated HHAD unit as a
novel and effective acceptor building block that addresses several of
these long-standing challenges at the materials level. Unlike
conventional planar acceptors, HHAD introduces intrinsic

conformational rigidity and steric modulation while maintaining
strong electron-withdrawing character through its diketone
functionality. By controlling donor—acceptor linkage topology, we
demonstrate how conformational restriction governs aggregation
behavior, excited-state relaxation, and delayed fluorescence
efficiency. The resulting HHAD-based emitters exhibit aggregation-
induced emission, small singlet-triplet energy gaps, and efficient
reverse intersystem crossing, confirming that rigid, nonplanar
acceptor architectures can overcome the efficiency losses typically
associated with deep blue TADF systems. Device results further
validate these molecular design principles, with the optimized
emitter delivering pure blue light, high efficiency, high luminance,
and low turn-on voltage. Overall, this study expands the acceptor
design space for blue TADF materials and establishes HHAD as a
versatile platform for developing next-generation blue emitters that
balance efficiency, color purity, and solid-state stability.
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