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CONSPECTUS: Modulating the photophysical properties of organic emitters O N\
O =Rl

through molecular design is a fundamental endeavor in materials science. A @ Q
critical aspect of this process is the control of the excited-state energy, which is ) Aceeptor =Y

OLEDs Sensing
essential for the development of triplet exciton-harvesting organic emitters, Applications
such as those with thermally activated delayed fluorescence and room- 2‘:’::;@“9““" poner
temperature phosphorescence. These emitters are pivotal for developing S'g\en
highly efficient organic light-emitting diodes and bioimaging probes. A D o 2ok | \Z [ rre
particularly promising class of these emitters consists of twisted donor— & . i 8 —
acceptor organic m-conjugated scaffolds. These structures facilitate a spatial f“ik Manifestation of

Incorporation of Multi-photofunctionality

Heteroatoms

Diverse Molecular

separation of the frontier molecular orbitals, which is crucial for achieving a
Conformation & Topology

narrow singlet—triplet energy gap. This narrow gap is necessary to overcome
the endothermic reverse intersystem crossing process, enhancing the efficiency
of thermally activated delayed fluorescence. To precisely modulate the photophysical properties of these emitting materials, it is
essential to understand the electronic structures of new donor—acceptor scaffolds, especially those influenced by heteroatoms, as well
as their conformations and topologies. This understanding not only improves the efficiency of these emitters but also expands their
potential applications in advance technologies.

In 2014, the Takeda group made a significant breakthrough by discovering a novel method for synthesizing U-shaped diazaacenes
(dibenzo[a,j]phenazine) through an oxidative skeletal rearrangement of 1,1’-binaphthalene-2,2’-diamines. This class of compounds
is typically challenging to synthesize using conventional organic reactions. The resulting unique geometric and electronic structure of
U-shaped diazaacenes opened new possibilities for photophysical applications. Leveraging the U-shaped structure, photoluminescent
properties, and high electron affinity, we developed twisted donor—acceptor—donor compounds. These compounds exhibit eflicient
thermally activated delayed fluorescence, stimuli-responsive luminochromism, heavy atom-free room-temperature phosphorescence,
and anion-responsive red shifts. These innovative emitters have demonstrated significant potential in various practical applications,
including organic light-emitting diode devices and advanced sensing systems.

In this Account, I summarize our achievements in modulating the photofunctions of dibenzo[a,j]phenazine-cored twisted donor—
acceptor—donor compounds by controlling excited-state singlet—triplet energy gaps through conformational regulation. Our
comprehensive studies revealed the significant impact of heteroatoms, molecular conformations, and topologies on the photophysics
of these compounds. These findings highlight the importance of molecular engineering in tailoring the photophysical properties of
organic donor—acceptor z-conjugated materials for specific applications. Our research has demonstrated that incorporating
heteroatoms into the molecular framework effectively tunes the electronic properties and, consequently, the photophysical behavior
of the compounds. Understanding the influence of heteroatoms, conformational dynamics, and molecular topology on excited-state
behavior will open new avenues for next-generation optoelectronic devices and biological technologies. These advancements include
ultra-low-power displays, photonic communication, and super-resolution biomedical imaging. Ultimately, our work highlights the
potential of strategic molecular design in driving innovation across various fields, paving the way for the development of cutting-edge
technologies that leverage the unique properties of organic emitters.
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5744." The first twisted photofunctional dibenzo[a,j]-
phenazine-cored donor—acceptor—donor compounds were
developed. Organic light-emitting diodes fabricated with a
donor—acceptor—donor compound as the emitter displayed
efficient orange thermally activated delayed fluorescence with
a high external quantum efficiency of up to 16%.

Okazaki, M.; Takeda, Y.; Data, P.; Pander, P;
Higginbotham, H.; Monkman, A. P.; Minakata, S.
Thermally Activated Delayed Fluorescent Phenothia-
zine-Dibenzo[a,j]phenazine-Phenothiazine Triads Exhib-
iting Tricolor-Changing Mechanochromic Lumines-
cence. Chem. Sci. 2017, 8,2677—2686.” The first thermally
activated delayed fluorescence-active, multi-color-changing
mechanochromic organic material was developed by
leveraging the conformational flexibility of a twisted
donor—acceptor—donor molecule. The study revealed the
significant impact of incorporating a sulfur atom in the donor
on mechanochromism.

Izumi, S.; Higginbotham, H. F.; Nyga, A,; Stachelek, P.;
Tohnai, N.; de Silva, P.; Data, P.; Takeda, Y.; Minakata, S.
Thermally Activated Delayed Fluorescent Donor-Accept-
or-Donor-Acceptor n-Conjugated Macrocycle for Organ-
ic Light-Emitting Diodes. J. Am. Chem. Soc. 2020, 142,
1482—1491.° The first macrocyclic thermally activated
delayed fluorescence organic molecule serving as an organic
light-emitting diode emitter was developed. This study
revealed the impact of molecular topology (cyclic versus
linear) on thermally activated delayed fluorescence efficiency.
Aota, N.; Nakagawa, R.; de Sousa, L. E.; Tohnai, N.;
Minakata, S.; de Silva, P.; Takeda, Y. Anion-Responsive
Colorimetric and Fluorometric Red-Shift in Triarylbor-
ane Derivatives: Dual Role of Phenazaborine as Lewis
Acid and Electron Donor. Angew. Chem. Int. Ed. 2024, 63,
202405158." Donor—acceptor—donor compounds that
exhibit an anion-responsive significant colorimetric and
fluorometric red shift in both solution and solid states were
successfully developed through balancing the contradictory
roles of phenazaborine as a Lewis acid and as an electron
donor.

B INTRODUCTION

Organic 7-conjugated donor—acceptor (D—A) compounds
have played pivotal roles in contemporary science, leading to a
multitude of applications including organic photovoltaics,5
organic field-effect transistors,’ and photocatalysis.” Notably,
the past decade has seen remarkable progress in D—A-type
organic emitters exhibiting thermally activated delayed fluo-
rescence (TADF).® TADF is a crucial photophysical phenom-
enon wherein triplet excitons are thermally converted to singlet
excitons via reverse intersystem crossing (RISC), leading to
delayed emission from the resultant singlet excitons (Figure
la).” To facilitate the endothermic RISC process and expedite
the typically forbidden spin-flipping, the energy gap (AEgr)
between the singlet excited state (S;) and triplet excited state
(T,) must be narrow (AEgy < 0.3 eV), and spin-orbit coupling
(SOC) should be substantial.'”'' TADF-active organic
molecules can theoretically achieve 100% quantum efficiency
in converting electronically generated excitons into light,
without relying on rare metals such as Ir and Pt. Consequently,
TADF organic compounds have emerged as the third generation
of emitters for efficient organic light-emitting diodes
(OLEDs)."”"* The rediscovery of these advanced emissive
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(a) (b)
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Figure 1. Illustrative schemes for (a) TADF and (b) RTP.

materials has significantly enhanced the efficiency of OLEDs and
spurred the development of novel biological technologies.'*

Room-temperature phosphorescence (RTP), another signifi-
cant photophysical phenomenon, has garnered substantial
interest due to its fundamental importance and wide-ranging
applications.>™"” Since RTP arises from the triplet excited state
(Figure 1b), which also serves as an intermediate for TADF, the
photophysical behavior of organic molecules displaying TADF
and/or RTP is highly dependent on AEgy and SOC. By fine-
tuning molecular parameters such as atomic composition and
three-dimensional molecular geometry, it is possible to enhance
specific photofunctions or induce multiple photofunctions,
including TADF/RTP switching, within a single D—A molecular
scaffold. TADF and RTP typically exhibit distinct emission
colors and show opposite thermal response. Consequently,
TADF/RTP switching could be highly beneficial for applica-
tions such as thermochromic luminescence displays. This paves
the way for next-generation organic photofunctional materials."®
A thorough understanding of the intricate electronic structures
of new D—A scaffolds, influenced by heteroatoms within
conjugated frameworks along with their molecular conforma-
tions and topologies, is essential for the precise modulation of
photophysical properties in 7-conjugated scaffolds.

In 2014, we discovered a novel oxidative skeletal rearrange-
ment of 1,1’-binaphthalene-2,2’-diamines and developed a
synthetic method to access U-shaped dibenzo[a,j]phenazines
(DBPHZ), a compound class that is challenging to synthesize
through conventional organic reactions (Scheme 1)." These
newly synthesized aza-polycyclic hydrocarbon molecules feature
a distinct U-shaped structure, "’ photoluminescent proper-
ties,"”*? and high electron affinities."” Leveraging the electron-
deficient and luminescent characteristics and halogeno
functionality introduced at the periphery of the DBPHZ, we
have developed a diverse array of DBPHZ-cored D—A—D

Scheme 1. Oxidative Skeletal Rearrangement of 1,1'-
Binaphthalene-2,2’-diamines
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Scheme 2. General Synthetic Route to Twisted DBPHZ-Cored D—A—D Compounds
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Figure 2. Relationship between the bridging unit (Q) in the donor and PL 4,,, in toluene.

emitters. Additionally, we have investigated the modulation of ment of 6,6'-dibromo-binaphthalenediamine.'” This dibromo
emission properties of organic molecules by controlling the compound serves as a valuable electrophilic coupling partner in a
singlet—triplet energy gaps of the excited state through twisting Pd-catalyzed Buchwald—Hartwig amination, yielding a diverse
or cyclizing the emitters and by controlling the excited-state array of twisted D—A—D #-conjugated compounds in high yield.
energy via the generation of metastable states in the emitters. Correlation between Heteroatom Substitution and

In this Account, a summary of our accomplishments in Photoluminescence Wavelength

modulating photofunctional properties through the effects of ) )
heteroatoms, conformation, and molecular topology is pre- An. 1r.nportant ‘feature. of the D—A-D ‘SC?EOId 1s .that .the
sented, employing our original U-shaped DBPHZ-cored D—A— emission color in soilutlon can be tuned mthm the visible light
D and D—A—D-A molecular scaffolds. Despite the close reglon by rTlodulatlr.lg the electron-dpnatmg power of the
interrelation between conformational isomerism and molecular brldgmg unit (Q) in the donor.. Figure 2 illustrates the
topology, this Account delineates conformers as three-dimen- correla.tlon between the p.hotolumlnescen.ce .(PL) Walvzeiﬂ%}g
sional spatial configurations of molecules, whereas molecular (Zem) in toluene and the incorporated brldgm.g umit.
topology pertains to the connectivity of organic fragments (e.g., When com'pared to a D _A__D Compound .Wlth non-bridged
macrocyclic or linear connectivity). Discussions on the synthesis donors (dlphenyla}mlne), incorporating dlvallent c.hal.cogen
of other types of azaaromatics from 1,1’-binaphthalene-2,2'- atoms (O, S, Se) into the donor unit results in a significant
diamines®” and the investigations into the on-surface self- red shift in PL of over 100 nm. These divalent chalcogen atoms
assembly of DBPHZ>> and DBPHZ-based polymeric materi- possess lone pairs of electrons that can be donated into the 7-

als®® are beyond the scope of this Account and are thus not electronic system, increasing the electron density of the donor
included. units and facilitating charge separation (D*—A"~) in the excited

state, which is further stabilized by the twisted D—A—D scaffold

Synthesis of Twisted D—A—D Compounds (i.e., twisted intramolecular charge transfer).

A general synthetic route to twisted D—A—D compounds is In contrast to the divalent chalcogen atom-embedded D—A—
illustrated in Scheme 2. The pivotal and original electron- D compounds, incorporating electropositive tetravalent group
accepting building block, 3,11-dibromo-dibenzo[a,j]phenazine, 14 element ()(P Si: 1.90; Ge: 2.01) and the electron-deficient
is readily synthesized through an oxidative skeletal rearrange- trivalent boron (y, 2.04) shifts the A, to the blue region
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Figure 3. (a) Chemical structure of POZ-DBPHZ and its time-resolved PL spectra in CBP. (b) Illustrative TADF mechanism of POZ-DBPHZ in CBP.
(c) Temperature-dependent PL spectra of POZ-DBPHZ in CBP. (d) EQE—current density characteristics of OLED devices. (e) Energy diagram of
POZ-DBPHZ and m-MTDATA. Adapted with permission from ref 1. Copyright 2016 Wiley-VCH Verlag GmbH.

compared to the heteroatom-free D—A—D compound, due to
the destabilization of the charge-transfer (CT) excited states.
Coincidentally, the pentavalent phosphorus unit (Mes—P=S,
where Mes represents 2,4,6-Me;C¢H,) serves as an electron-
withdrawing group, probably due to the presence of a low-lying
P—C or P-S o* bond. Also, the resonance structure
contribution of the phosphonium form (Mes—P*—S~) can
give us an intrinsic picture of the electron-deficient effect.
Generally, there is a strong correlation between the electron-
donating ability of the incorporated unit (Q) and Ay, in solution
(Figure 2).

However, we observed that the true power of incorporating a
bridging unit (Q) into the donor extends beyond merely
modulating excited-state energy; it also introduces diversity into
molecular conformation. For example, bridging diphenyl units
of the donor with one carbon (CMe,) or two carbons
(CH,CH,) results in a significantly different 4,,, (512 and 489
nm, respectively), despite the negligible difference in the
electron-donating power of the bridging units. This variation
reflects the dihedral angle between the donor and acceptor units,
which strongly affects the conjugation length in both the ground
and excited state. For instance, theoretical calculations suggest
that the D—A—D molecule with single carbon-bridged donors
(Q=CMe,) predominantly adopts a conformation with a highly
twisted D—A dihedral angle, whereas the D—A—D molecule
with two carbon-bridged donors (CH,CH,) adopts a planar
(axial-type) conformer. A highly twisted D—A—D structure
results in a spatially separated HOMO/LUMO distribution,
stabilizing the twisted intramolecular charge transfer excited
state. Conversely, the planar D—A—D molecular conformation
leads to significant overlap of HOMO and LUMO, facilitating a
m—n* transition. The difference in the excited-state character

2222

accounts for the variation in the experimentally observed
emission wavelengths (Figure 2). The details of these effects of
conformation arising from the bridging unit (Q) will be
discussed in the following sections.

Enhancing CT Character for Efficient TADF Manifestation

One of the key photophysical characteristics of the D—A—D
compounds we developed is that T is localized on the acceptor
unit at approximately 2.40 eV, and this state is significantly less
affected by external polarity than the CT state. Given that the S;
of the D—A—D scaffold predominantly exhibits CT character-
istics rather than locally excited (LE) characteristics in moderate
to polar media, AEg can be readily adjusted by tuning the
singlet CT energy to align with the energy level of the triplet
excited state localized on the acceptor. A representative example
demonstrating the tunability of AEgy is the D—A—D compound
with an oxygen-bridged donor (phenoxazine) (POZ-DBPHZ,
Figure 3a)." POZ-DBPHZ displayed a very narrow AEgy (20
meV) in 4,4’-bis(N-carbazolyl)-1,1"-biphenyl (CBP) matrix
(Figure 3a)." In addition, the almost orthogonal orientation of
the donor and acceptor units enables a spin-orbit charge transfer
mechanism (Figure 3b). Notably, this is the first example of a
spin-orbit charge transfer TADF coupled with the localized T,
state of the acceptor. Thermal activation of TADF was clearly
observed in the same host matrix (Figure 3c). The activation
energy for TADF was determined to be 19 meV, which is
consistent with the AEg; value.

An intriguing aspect of the molecular design involves the
number of donor units required to facilitate TADF. When one
donor in POZ-DBPHZ was removed (resulting in a D—A type
molecule), the AEg; increased (110 meV in CBP), thereby
reducing the TADF efficiency compared to POZ-DBPHZ.””
While it might be assumed that a single D—A unit is sufficient to

https://doi.org/10.1021/acs.accounts.4c00353
Acc. Chem. Res. 2024, 57, 2219-2232
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Figure 4. (a) Chemical structure and conformations of PTZ-DBPHZ. (b) Illustrative summary of external-stimuli responsiveness of PTZ-DBPHZ.
Reproduced from ref 21. Available under a CC-BY NC license. Copyright 2020 Royal Society of Chemistry. (c) Correlation between conformation and
emission color. Reproduced from ref 2. Available under a CC-BY license. Copyright 2017 Royal Society of Chemistry. (d) Time-resolved emission
profiles of each conformer-enriched solid. (e) Electroluminescence spectra of solution-processed OLED devices fabricated with PTZ-DBPHZ from
different organic solvents. Adapted from ref 34. Copyright 2019 Royal Society of Chemistry.

manifest TADF through intramolecular charge transfer, this
result suggests that the presence of two donor units enhances the
CT character in the excited state and minimizes AEgy. This
finding suggests that increasing the number of donor or acceptor
units in a molecule is an effective strategy for enhancing the
TADF performance. POZ-DBPHZ also exhibited excellent
electrochemical reversibility and thermal stability (S5 wt %
decomposition temperature: 453 °C), enabling the fabrication
of an OLED device by thermal deposition. The external
quantum efficiency (EQE) of the device (DEV 3, Figure 3d)
reached a very high value (16%) for orange TADF-OLED.
Further optimization of device configurations by adding a hole
injection layer (2,3,6,7,10,11-hexacyano-1,4,5,8,9,12-hexa-
azatriphenylene: HAT-CN) and removing an extra electron-
transporting layer (2,9-dimethyl-4,7-diphenyl-1,10-phenanthro-
line: BCP) achieved an EQE close to the theoretical maximum
(20.5%).*°

The appropriate choice of a host matrix [4,4',4""-tris(N-3-
methylphenyl-N-phenyl-amino)-triphenylamine: m-MTDA-
TA] for the fabrication of an OLED-enabled near-infrared
emission (4., 741 nm) from an exciplex between the emitter
and the host material is noteworthy (Figure 3e). This represents
one of the earliest examples of near-infrared TADF from a
TADEF exciplex.”' By combining this orange-TADF emitter with
blue and green TADF emitters, we achieved all-TADF warm-
white OLED devices [Commission International de I'Eclairage
(0.30, 0.40)—(0.33, 0.39) depending on voltage].”

External-Stimuli-Responsive Luminochromism via
Conformational Interconversion

In 2017, we discovered that replacing the oxygen atom in POZ-
DBPHZ with a sulfur atom resulted in a significant alternation in

2223

external-stimuli responsiveness (Figure 4).” The sulfur atom has
a much larger atom radius (1.00 A)** compared to oxygen (0.60
A),* and phenothiazine (PTZ) consists of a 16 z-electron
system (anti-aromatic if planar). Due to these factors, PTZ
adopts a boat structure, presenting two possible orientations for
a substituent on the nitrogen atom (equatorial: eq; axial: ax,
Figure 4a). As a result, PTZ-DBPHZ can exist in four
conformers [ax-ax (syn and anti), eq-ax, and eq-eq], each with
different twisting angles of the donor units relative to the
acceptor unit, leading to variations in ground- and excited-state
energies. In fact, quantum chemical calculations suggest that the
eq-eq-type conformer exhibits spatial separation of the HOMO
and LUMO, which are located on the donor and acceptor units,
respectively, due to the disconnection between these units.
Conversely, the ax-ax-type conformer displays delocalized
HOMO and LUMO over the z-conjugated skeleton, typical of
planar or slightly twisted conjugated systems. This results in
distinctly different absorption and photoluminescence proper-
ties, arising from the differences in the HOMO—LUMO energy
gap and excited-state character (CT vs 7—7*).

We hypothesized that if the dominant conformer in the solid
state could be regulated by external stimuli, then it would be
possible to modulate emission properties by applying stimuli
such as mechanical force and heat. This hypothesis was
confirmed as the emission color of PTZ-DBPHZ changed
significantly across multiple colors in response to various stimuli,
such as grinding, heating, and exposure to organic solvent vapor
(Figure 4b). Demonstrating conformational flexibility, X-ray
crystallographic analysis of a single crystal grown from CH,CI,
revealed a mixture of donor orientations (eg-ax). Most
importantly, D—A—D compounds with carbon-bridged donors
(dihydroacridine), bridging-atom-free donors (diphenylamine),
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Copyright 2024 Royal Society of Chemistry.

and an oxygen-bridged donor (POZ) did not exhibit significant
external stimuli responsiveness. This clearly highlights the
important role of the S atom in the donor unit in controlling
conformation: a longer C—S bond than C—C/C—O single
bonds allows for flexible orientation of the acceptor unit on the
boat heterocyclic ring (eq or ax) and for locking the orientation
as a metastable state at the same time. As the population of the
equatorial orientation increases, the twisted intramolecular
charge-transfer excited state is further stabilized, shifting the
emission wavelength to the red region (Figure 4c). This
correlation was also validated through time-resolved PL analysis
of solids, where red-emitting solids displayed distinct TADF,
while yellow-emitting solids predominantly exhibited prompt
fluorescence (Figure 4d).”* Notably, PTZ-DBPHZ represents
the first example of a TADF-active, multicolor-changing
mechanochromic organic material. The OLED fabricated with
PTZ-DBPHZ achieved a comparable EQE (16.8%) to the POZ-
DBPHZ-based OLED. Utilizing the conformer-dependent
emission of PTZ-DBPHZ, we demonstrated that the electro-
luminescence color of solution-processable OLEDs could be
readily modulated by changing the organic solvent used in the
fabrication process (Figure 4e).”

Generally, the conformational flexibility of organic molecules
is greater in solutions than in solid states. This raises a
fundamental question: “Is it possible to regulate molecular
conformation by applying external pressure in solution?” (Figure
Sa). Spectroscopic analysis of PTZ-DBPHZ in solution under
hydrostatic pressure provided an answer to this question.”
Applying hydrostatic pressure (0.1—350 MPa) to a toluene
solution of PTZ-DBPHZ resulted in a ratiometric change in the
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PL spectra (Figure Sb). The energetically lowest emission (CT
emission from eq-eq) at around 650 nm decreased, while the
energetically higher emissions at around 460 and 500 nm (LE
and CT from ax-ax and ax-eq, respectively) increased as a
function of hydrostatic pressure. Coincidentally, TADF was
suppressed as a function of hydrostatic pressure (Figure Sc).
These results indicate that the equilibrium among excited-state
conformers can be regulated in solution through pressurization
(Figure Sd). Elevating hydrostatic pressure increases the
viscosity of the solvent (0.56—3.68 mPa-s), thereby suppressing
molecular vibrations and rotations of the donor or acceptor units
around the D—A connecting bonds, leading to a reduced TADF
contribution.

Water presents a unique environment for hydrophobic
organic molecules, where the entropy of water molecules is
maximized and the contact area between water and hydrophobic
organic molecules is minimized. Introducing six amphiphilic
triethylene glycol monomethyl ether (TEGME) chains at the
periphery of PTZ-DBPHZ enabled the molecule (PTZ-
DBPHZ-TEGME, Figure Se) to manifest high dispersibility in
In water, the molecule forms aggregates with
hierarchical structures (Figure Se), where small subunits of
several nm size formed from molecules assemble in a larger
aggregate particle (>100 nm). In the subunit (green particles in
Figure Se), a mixture of different conformers exists. Notably,
poly(vinyl alcohol) films containing PTZ-DBPHZ-TEGME
displayed two PL maxima corresponding to emissions from eq-
eq and ax-ax and showed a ratiometric response to humidity
(Figure Sf). This indicates that the CT excited state in the lower-
energy region (>700 nm) is more readily quenched by water

36
water.
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through energy transfer to the vibrational levels of water than the visualization of humidity through changes in emission color
LE excited state.”” This ratiometric characteristic allows for the visible to the naked eye (Figure Sg). Additionally, as a related
2225 https://doi.org/10.1021/acs.accounts.4c00353
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humidity-responsive colorimetric function based on the
DBPHZ D—A-D scaffold, the introduction of dendritic
carbazole units, which possess greater structural flexibility than
POZ and PTZ, enabled a reversible colorimetric response to
humigléigty (relative humidity 3.9—84.3%) in a self-assembled
solid.

Modulation of Conformer-Specific Emissions through the
Incorporation of Heavy Chalcogen Elements

Substitution of the S atom in PTZ-DBPHZ with its heavier
congeners (Se and Te) enables the modulation of photophysical
properties in a distinct manner.”® Recrystallization of the
selenium analogue of PTZ-DBPHZ (PSeZ-DBPHZ) from n-
hexane/ethyl acetate produced three polymorphs (G, Y, and O),
each exhibiting different PL colors: green, yellow, and orange,
respectively (Figure 6a). Remarkably, these polymorphic single
crystals demonstrated not only varying conformers (Figure 6b,
d, and f) but also distinct stacking modes (Figure 6c, e, and g).
This observation indicates that both the conformation and the
extent of z-unit overlap significantly influence the excited-state
energies.

Quantum chemical calculations elucidated the impact of
incorporating heavier chalcogen atoms on conformational
preferences: with an increase in atomic number, the ax-ax
conformer becomes markedly more prevalent (Figure 6h).
Energy decomposition analysis revealed that the repulsion
between the lone pairs of N and Se/Te in the donor unit
destabilizes the eq-type conformers relative to others, thereby
enhancing the ax-ax preference. This shift in the dominant
conformer facilitates dual emission from different conformers in
solution, achieving single-molecule white PL, which is advanta-
geous for designing single-molecular white emitters for lighting
technology.”” Moreover, the incorporation of Se and Te enabled
the dual emission of prompt fluorescence and RTP in a CBP
matrix, as evidenced by time-resolved PL spectra (Figure 6i and
j). This phenomenon can be attributed to increased SOC
resulting from the inherently large SOC constants of Se and Te.
Theoretical calculations demonstrated that the SOC matrix
element between the singlet ground state (S,) and T, is larger
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(1.56 cm™") than that between Sy and T, (1.32 cm™!), and the
T,—T, energy gap (AEr,_r, 400 meV) is smaller than that of

AEgr (490 meV). This finding suggests that RTP originates
from the T, state, facilitated by thermally activated reverse
interconversion (RIC) from T; to T,.

Enhancement of Heavy Atom-Free RTP through the
Incorporation of an Electropositive Bridging Unit in the
Donor

The incorporation of an electropositive bridging unit into the
donor enables RTP emission without the need for heavy-atom
effects.””** The integration of a phosphorus unit (Mes—P=S)
into the donor structure results in conformational diversity due
to the atomic radius similarity between phosphorus and sulfur
(P: 1.00 A vs. S: 1.00 A)* (Figure 7a). As expected, the D—A—
D compound with dihydrophenophosphazine sulfide (DPPZS)
as the donor exhibited external-stimuli-responsive multicolor
changes (Figure 7b). Compared to PTZ-DBPHZ, the
amorphous solid-state emission wavelength of DPPZS-
DBPHZ was observed in a significantly bluer region (Ao, =
534 nm, full width at half maximum = 2150 cm™"). This shift in
Aem i attributed to the destabilization of the CT excited state
(Figure 7c) due to the reduced electron-donating capability of
the phosphorous center. Notably, DPPZS-DBPHZ embedded
in a low-polar cyclic olefin polymer (Zeonex) displayed dual-
delayed emission of TADF and RTP (Figure 7c), representing
one of the earliest examples of concurrent dual-delayed
emissions in solid films.”* As previously mentioned, the T,
state of the D—A—D system is generally localized on the
DBPHZ core, and its energy level is less influenced by the
polarity of the environment. Consequently, the destabilization
of the S, state with CT character leads to an enlarged AEg; (600
meV), which slows down the rate of RISC, thus making RTP and
TADF compete (Figure 7c). These findings indicate that the fate
of excited states can be modulated by the electron-donating
ability of the donor unit in the D—A—D system, leading us to
explore heavy atom-free RTP materials for organic electronics.
While organometallic complex-based RTP emitters for OLEDs
have been widely utilized,'”*" they often contain heavy rare
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metals, raising concerns about production cost and resource
depletion in the future. Therefore, developing heavy atom-free
RTP materials from naturally abundant elements is an urgent
research challenge. Despite pioneering research on heavy atom-
free RTP emitters in OLEDs,””™*° the EQE of these devices
remains very low (<1%), primarily due to the quenching of long-
lived triplet excitons through processes such as triplet—triplet
annihilation and thermal non-radiative pathways.

To address the issue on low EQE of purely organic RTP
materials, we designed a new D—A—D molecule by incorporat-
ing an electropositive element (Si) as the bridging atom in the
donor (Figure 7d).>> As evident from the frontier molecular
orbitals of the donor (phenazasiline: PAzSi), effective (C—
Si)o—7 and (C—Si)o*—z* hyperconjugation lowers the
HOMO/LUMO energy levels. Notably, the D—A—D com-
pound (PAzSi-DBPHZ) exhibited dual-RTP at approximately
Aem 500 and S50 nm in a 4,4’,4-tris(carbazol-9-yl)-
triphenylamine (TCTA) matrix, where the intensity of the
shorter-wavelength emission (500 nm) is thermally activated
(Figure 7e). At a glance, this thermally activated behavior
appeared to be a TADF process. However, a closer examination
of the time-resolved photophysics revealed that the S, energy
(2.50 V) differed from the triplet states (2.38 and 2.20 eV), and
the lifetime of the delayed emission was in the millisecond range
(7,44.7 ms; 7, 1.62 ms). Based on these results, we propose that
the dual RTP originates from T and T,, both of which are lower
in energy than S, (Figure 7f). Since AEr _r, (180 meV) is

smaller than AEg; (300 meV), the RIC process is more
efficiently activated than RISC, yielding dual RTP. Quantum
chemical calculations also support this mechanism: T, has LE
character, while T, has CT character, and thus the SOC matrix
element for the T,—S, transition is much larger (5.85 cm™)
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than for the T,—S, transition (0.87 cm™"). The faster radiative
deactivation (RTP) from the T, and the RIC process should
consume long-lived triplet excitons, thereby displaying efficient
RTP. Indeed, the OLED fabricated with PAzSi-DBPHZ emitter
achieved a very high EQE of up to 4.1%, which is among the
highest reported for heavy atom-free RTP material-based
devices.

Modulation of Photophysical Properties through
Regioisomerism

Regioisomerism significantly influences the photophysical
behavior of the D—A—D scaffold.”® We synthesized a series of
3,11- and 2,12-disubstituted PAzSi-DBPHZ compounds with
various substituents on the Si center. The Lippert—Mataga plots
revealed that the slope and intercept of the regression lines
differed substantially (Figure 8a). The larger slopes for 3,11-
isomers, compared to 2,12-isomers, indicated greater changes in
the dipole moment from the S to the excited state, attributable
to the larger contribution of the CT state in the excited state for
3,11-isomers. Conversely, the larger intercepts for 2,12-isomers
suggested more significant structural changes in the excited state
for these isomers. These unique characteristics were further
corroborated by theoretical calculations: the eq-ax conformer is
more stable in the excited state for 2,11-isomers, while the eq-eq
conformer is more stable in the ground state (Figure 8b).
Consequently, the photophysical outcomes of the regioisomers
are highly dependent on their conformational preferences in the
excited and ground states, leading to a combination of TADF
and RTP (Figure 8c and d). Through the studies, we successfully
identified a highly efficient heavy atom-free RTP emitter [3,11-
isomer of PAzSi-DBPHZ, SiR, Si(i-Pr),] for OLEDs,
achieving an EQE of as high as 7.4%.
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Tuning Anion-Responsive Absorption and Emission by
Balancing the Contradictory Roles of Donors

Incorporating a trivalent boron as the bridge in the D—A-D
scaffold (Mes-PAzB-DBPHZ, Figure 9a) enables an unprece-
dented anion-responsive colorimetric and fluorometric red shift
in both solution and solid states.” Colorimetric and fluorometric
anion sensors based on triarylborane have been extensively
developed, leveraging the Lewis acidic nature of the trivalent
boron center and the photoactive properties arising from
extended 7-electron systems.”’”>> Nevertheless, most triar-
ylborane-based anion sensors reported thus far exhibit a
colorimetric and/or fluorometric blue shift or “turn-off”
response to anions due to mechanisms involving the disruption
of the 7-conjugation or suppression of intramolecular CT upon
anion coordination to the boron center. In contrast, strategies
for manifesting anion-responsive red shifts in triarylborane-
based sensors are scarce.

In 2024, we introduced a molecular design strategy to realize
an anion-responsive red shift in absorption and emission by
leveraging the dual roles of phenazaborine (PAzB, Figure 9b).
When the PAzB is connected to a highly electron-deficient unit
(acceptor A in Figure 9b), intramolecular CT occurs from the
weak donor (PAzB) to the acceptor unit. Simultaneously, the
trivalent boron center in the PAzB acts as a Lewis acid, capturing
anions such as fluoride and hydroxide to form a tetracoordinate
borate, which increases the electron density in the donor and
enhances intramolecular CT, resulting in a red shift in
absorption and emission (Figure 9b). As designed, Mes-PAzB-
DBPHZ exhibited a significant red shift in absorption in THF,
attributed to the intramolecular CT transition, from A,,, 420 to
500 nm upon the addition of anions such as fluoride, acetate, and
cyanide, leading to a color change from pale yellow to pink
(Figure 9¢). Concurrently, a red shift in the PL spectra was also
observed for the same set of anions, resulting in a change in the
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emission color from green to orange (Figure 9d). Notably, this
red-shift concept was effective even in the polymer matrix films
(Figure 9¢). By combining the polarity of the polymer matrix
with the anion-triggered intramolecular CT enhancement, PL
color was successfully modulated across the entire visible-light
spectrum. The composition of the neutral triarylborane form
and its borate was controlled by the amount of fluoride added,
thus modulating the relative intensity of dual emission peaks
(Figure 9f). Utilizing this modularity, warm white emission
[Commission International de !'Eclairage (0.39, 0.33)] was
achieved by balancing the dual emission (Figure 9f).

Modulation of Emission Properties through Molecular
Topology

Molecular topology significantly impacts the photophysical
properties. Utilizing the U-shaped structure of DBPHZ, we
successfully synthesized a macrocyclic D—A—D—A compound
(p-macrocyclic D-A—D—A, Figure 10a) and its linear analogue
(linear D—A—D—A, Figure 10a) to examine the efficacy of
cyclizing D—A repeating units.”””>* The macrocyclic com-
pound exhibited polymorphs arising from different conformers
(helical and saddle, Figure 10b and c), which displayed distinct
PL colors (Ao = 594 and 654 nm, respectively). Although the
PL emission in diluted solutions did not vary significantly, there
was a notable difference in TADF behavior in a solid host (CBP)
matrix. Time-resolved PL analysis revealed that the macrocyclic
compound exhibited a much more pronounced TADF
compared to the linear analogue (Figure 10d and e). Reflecting
this difference in TADF behavior, the OLED device fabricated
with the macrocyclic compound demonstrated a significantly
higher EQE of 11.6% compared with 6.9% for the linear
analogue (Figure 10f). These results clearly demonstrate the
efficacy of cyclizing D—A repeating units to enhance TADF
performance, likely due to the suppression of nonradiative
pathways through the appropriate rigidification of molecular
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Figure 11. (a) Chemical structures of p- and m-macrocyclic D—A—D—A. (b) ORTEP of the m-macrocyclic D—A—D—A. (c) Sweep-repeated cyclic
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macrocyclic D-A—D—A in (f) Zeonex and (g) CBP. Adapted with permission from ref 5S. Copyright 2020 Wiley-VCH Verlag GmbH.

movement by the ring structure. Notably, this is the first example
of a macrocyclic TADF emitter used in an OLED device.

Not only the cyclic structure but also the macrocyclic
> We
synthesized a macrocyclic regioisomer comprising two DBPHZ
acceptors and two m-phenylenediamine donors (m-macrocyclic
D—A-D—A, Figure 11a) and compared its physicochemical
properties with those of p-macrocyclic D—A—D—A. X-ray

topology significantly affects physicochemical properties.”

crystallographic analysis revealed that the m-linked macrocycle
adopted a saddle-shaped conformation, and the interplane angle
of the two DBPHZ panels was much smaller (91°) than that of
the p-linked isomer (148°) (Figure 11b). Distinct differences in
physicochemical properties emerged from the molecular
topology, particularly in affecting the electrochemical behavior.
While the p-macrocyclic D—A—D—A exhibited reversible redox
behavior in cyclic voltammetry, the m-macrocyclic D-A—-D—A
showed an irreversible oxidation process due to oxidative
polymerization on the electrode (Figure 11c). This difference
was rationalized by examining the spin density distribution of
the diradical dication of the macrocycles. In p-macrocyclic D—
A—D-A, the spin density is localized across the entire
macrocyclic system, whereas in m-macrocyclic D—A—D—A,
the spin is localized at the ortho position of the N-phenyl units in
the donor (Figure 11d and e). Consequently, electrochemical
polymerization likely occurred at the ortho position. Notably,
the macrocyclic topology also had a significant impact on the
TADF performance. In solution, the TADF contribution of m-
macrocyclic D—A—D—A was 10%, which was significantly lower
than that of p-macrocyclic D—A—D—A (60%). Additionally, in
solid matrices, TADF was very weak in Zeonex and almost
disappeared in CBP (Figure 11f and g). These findings
underscore the importance of carefully considering the
molecular topology when designing TADF materials.
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B CONCLUSIONS AND OUTLOOK

In this Account, I summarize our contributions to modulating
the photophysical properties of organic emitters using a twisted
D—A-D system that comprises a U-shaped dibenzophenazine
as the acceptor and bridged diarylamines as the donors. Based on
our findings and discussions, several critical design principles for
modulating the photophysical properties of D—A-type organic
molecules can be derived as follows:

1. Incorporating heteroatomic units into an organic frag-
ment is beneficial not only for adjusting their orbital
energies but also for regulating their conformation. This
approach can be employed to tune emission wavelengths
and manifest specific photofunctions such as thermally
activated delayed fluorescence, room-temperature phos-
phorescence, or both and others.

. Generating conformational diversity that is interconver-
tible through heteroatomic incorporation is advantageous
for designing stimuli-responsive organic materials. This
design principle extends beyond mechanochromic
luminescence materials, such as ours, to include
themochromic, humidity-responsive materials and sin-
gle-molecular bioprobes to explore various external
stimuli.

. The molecular topology created by fragment connectivity,
beyond the typical linear structure, significantly impacts
photophysical properties. For instance, macrocyclization
with appropriate rigid 77-conjugated linkers can enhance
thermally activated delayed fluorescence by suppressing
molecular rotation and vibration.

Although significant progress has been made, as discussed
above, in designing organic emitters to modulate their
photophysical properties, substantial challenges remain in
utilizing the aforementioned design principles in future research.
For instance, understanding the synergistic effects of incorporat-
ing two or more different heteroatoms into organic fragments on
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the control of molecular conformation warrants further
exploration. This understanding would be instrumental for
single-molecule control of photophysical properties and could
enable high-resolution analysis of very weak (nano- to
piconewton order) forces within biological tissue, such as a
lipid membrane. Additionally, controlling the conformation on
the substrate surface of electronic devices through the
heteroatomic effect in a specific orientation could enhance the
out-coupling efficiency of lighting devices. Moreover, incorpo-
rating more complex molecular topologies, such as molecular
knots, links, and catenanes,*® could lead to the development of
high-performance chiroptical materials.
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