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Abstract: In-depth exploration of charge transfer contributes directly to the comprehension of the microscopic
mechanisms within life processes while accelerating the progress in cutting-edge fields of organic electronics. At the
molecular level, boron atom with the unique empty p-orbital has been widely exploited to construct intramolecular charge
transfer (ICT) molecules. This perspective seeks to thoroughly examine the types and emerging mechanisms of ICT in
both tricoordinate and tetracoordinate organoboron-based ICT molecules (OBCTs), thereby clarifying boron’s role in the
ICT process. With respect to three-coordinated OBCTs, the organoboron molecules with distinct CT pathways and
distances are delved into the development history, CT mechanisms and structure—property relationships, which can provide
guidance for designing the highly sought-after molecules. For four-coordinated OBCTs, emerging CT mechanisms and the
role of coordination in modulating CT properties are discussed, indicating substantial opportunities for the development
of CT in these systems. In addition, the development of novel CT mechanisms or the integration of multiple CT processes
holds the promise of overcoming existing limitations in current OBCTs. Coupling the advancement of CT mechanisms
with the discovery of innovative application scenarios is poised to propel the future progression of OBCTs.

1. Introduction

“Life is nothing but an electron looking for a place to rest”—Albert Szent-Gyorgyi. Nearly all life forms on Earth
rely, directly or indirectly, on charge transfer (CT) process for survival, which is one of the critical steps in photosynthesis,
biological signal transduction, and various forms of energy conversion.! 2 At the molecular level, intramolecular charge
transfer (ICT) involves electron transfer from an electron-rich segment to an electron-deficient segment within the same
molecule.? ICT has been extensively studied as a foundational mechanism in molecular photophysics and photochemistry,*
4 which is integral to applications in organic dyes,’ biotechnology,® 7 organic optoelectronic devices,® nonlinear optics
(NLO),’ and sensing.'® ' A common approach to enhance ICT is the incorporation of an electron-donating (D) unit and an
electron-accepting (A) unit, typically linked by a conjugated linker. The intramolecular charge-transfer (ICT) process
inherently involves the separation of positive and negative charges, whereas the ideal condition of complete charge
separation is referred to as the charge-separated (CS) state (D*—A")." 3 The CS state can be considered a pure charge-
transfer state, comprising a radical cation (D) and a radical anion (A~). In D-n—A molecules, the CS state can be
represented by resonance structures (i.e., the molecular dipolar forms), which offer an intuitive and convenient way to
analyze the excited-state electron distribution with strong CT character (Figure 1a). Selection of appropriate donor and
acceptor units is crucial to define the expected ICT properties.

Boron atom with vacant p-orbital ranks among the most unique ICT acceptors.'>!® Compared to other electron-
deficient or highly electronegative acceptors such as pyridine, cyano and fluoride, boron provides distinctive features: (a)
tricoordinate boron acts as a strong m-electron acceptor with its empty p-orbital prone to being filled by electron
delocalization in an electron-rich D—A system, resulting in a moderate acceptor. Additionally, the low electronegativity of
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boron enables it as a o-electron donor. These allow boron atom to effectively separate frontier molecular orbitals (FMOs)
and avoid strong CT process that can lead to transition-forbidden states and low oscillator strength (thgm@_lb%%wc O”f‘@”ﬁ
exhibits similar bonding characteristics to carbon (Figure 1c), allowing it to integrate into organic skeletons.!*-?> The dual
role of boron as both an acceptor and a structural component of the molecular backbone offers a versatile platform for
designing organoboron compounds, and (c) Lastly, boron possesses Lewis-acidic empty p-orbital that enables coordination
with lone-pair-electron-bearing ligands to form tetracoordinate boron compounds, facilitating the fine-tuning of
photophysical properties (Figure 1¢).?>>* Consequently, organoboron compounds are widely applied across fields such as
organic light-emitting diodes (OLEDs),> %¢ organic field-effect transistors (OFETs),”” organic solar cells (OSCs),?®

stimuli-responsive materials,?’ biomedicine,** and catalysis.!
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Figure 1. a) CS state of organoboron compounds upon excitation. b) Roles of tricoordinate boron as an electron acceptor.
¢) Similar bonding characteristics of boron and carbon.

Boron atoms typically act as acceptors in organoboron-based ICT molecules (OBCTs). The systematic classification
of OBCTs enables a deeper understanding of boron's acceptor roles (Figure 2a), facilitating the exploration of additional
functions of boron beyond acceptor. OBCTs can be classified by CT pathways into through-bond charge transfer (TBCT)
molecules, where CT occurs via a m-electron bridge,*? and through-space charge transfer (TSCT) molecules, where CT
occurs directly through space.33* Structurally, OBCTs are D—A or D-n—A systems, involving the transfer of & or n-electron
to the boron-containing segment. OBCTs can be further subdivided based on CT distance into long-range charge transfer
(LR-CT) and short-range charge transfer (SR-CT) molecules (Figure 2a).33 LR-CT typically occurs in different segments
involved in electron transitions, as seen in twisted intramolecular charge transfer (TICT)?¢ and TSCT molecules. By
contrast, SR-CT refers to charge transfer occurring within the same segment, as exemplified by multiple-resonance (MR)
molecules.’” In LR-CT molecules, strong donor-acceptor strength can lead to long-wavelength absorption and emission,
making them suitable for near-infrared (NIR) materials.®*? The substantial separation of FMOs also results in a small
AEst, which is the energy difference between the lowest singlet (S1) and triplet (T;) excited states.*!- > However, the small
AEst usually accompany with transition-forbidden nature that could reduce oscillator strength (f) of transition. Additionally,
drastic changes in the electronic structure increase vibrational relaxation in the excited state, broadening the emission peak
and yielding a large Stokes shift. In contrast, MR molecules achieve narrow-band and bright emission through the
alternating distribution of FMOs and a more rigid molecular framework. The moderate donor—acceptor interactions in MR
molecules make them ideal candidates for blue emitters.****” The combination of a locally excited (LE) state with LR-CT
can be achieved in D—n—A structures, where the n-segment enhances oscillator strength and allows for a moderate AEsr.
Some molecules with this structure exhibit a hybridized local and charge-transfer (HLCT) excited-state, also known as
"hot exciton" compounds,*® which can potentially resolve the transition-forbidden issue in thermally activated delayed
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fluorescence (TADF). Correspondingly, hybridized multi-resonance and charge transfer (HMCT) molecules combining

View Article Online

SR-CT with LR-CT can enhance CT of MR molecules with bathochromic-shifted emission.*’ DO 10.1039/D55C01916H

Finally, based on boron’s coordination number, OBCTs can be classified as either three-coordinated or four-
coordinated systems. Four-coordinated boron provides flexible coordination, imparting stimuli-responsive properties to
the molecule.?’ However, the role of tetracoordinate boron in OBCTs remains unclear. Based on our group's recent report,
this perspective systematically discusses the role of boron in tetracoordinate OBCTs, followed by a summary of two unique
ICT processes (Figure 2b): a) Coordination-enhanced charge transfer (CE-CT): Boron’s vacant orbitals coordinate with
electron-deficient ligands while covalently bonding to donor segments. This arrangement simultaneously enhances donor
and acceptor strengths, leading to the red-shifted emission. b) Coordination-quenched charge transfer (CQ-CT): this
perspective further analyzed the ICT variations in organoboron compounds under different ligands coordination. For D—
7B molecules, coordination with electron-rich ligands can hinder charge transfer, resulting in the blue-shifted emission.
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Figure 2. Types of a) tricoordinate and b) tetracoordinate OBCTs.

Extensive OBCTs have been developed around boron’s unique electronic structure. However, a systematic overview
of their intrinsic ICT mechanisms is still lacking, and boron’s role is not limited merely to acting as electron acceptor. This
perspective provides a detailed classification of boron-dominated ICT types and rethinks the roles of boron in organoboron
molecules. Tricoordinate boron molecules are narrated from TBCT to TSCT. TBCT molecules are further categorized into
D-A, TICT, D-n—A, HLCT and MR systems. We discussed the fundamental principles of each process and explore their
relationship. For instance, most D—A molecules rely on a m-bridge for effective CT, making them inherently D-n—-A
molecules. Similarly, MR molecules are actually a subset of the D-n—A molecules as well. Accordingly, the D-n—-A
molecules mentioned in this perspective are those of which n-bridges consist of alkenes or multiple aromatic rings.
Different from three-coordinated boron, four-coordinated boron act as donor—acceptor regulator that influences molecular
ICT through coordination with electron-rich or electron-deficient ligands. This focuses on the emerging CE-CT and other
intramolecular interactions, exhibiting significant development potential. The primary aim of this perspective is to
summarize and analyze ICT mechanisms in organoboron compounds, with a focus on the relationships between molecular
structures and their corresponding ICT behaviors. While we include examples of both tri- and tetra-coordinated boron
compounds, our selection of molecules was deliberate, chosen to illustrate specific ICT pathways and mechanisms rather
than to comprehensively catalog all organoboron compounds. A well-founded understanding of ICT design strategies and
structure-function relationships will continue to advance design and application of OBCTs.

2. LE in organoboron compounds
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LE represents an excited state without significant charge separation, predominantly occurring in n—n* transitions. The
overlap of FMOs in LE ensures that electron transitions are allowed, resulting in an enhanced moleculssos¢i 4 &%E&%ﬁlﬁﬁ
when the LE fraction is increased. Direct bonding between boron and electron-rich heteroatoms (e.g., N or O) is a common
strategy for constructing organoboron compounds due to its synthetic simplicity, which also promotes electron
delocalization across the entire molecule, achieving high oscillator strength.3’->7 For instance, a three-center four-electron
(3c-4e) N-B-N unit provides electron-rich characteristics and high photoluminescence quantum efficiency (PLQY), where
the boron p-orbital can undergo further coordination to fine-tune the optical properties.’®®° However, isoelectronic
relationship between C=C unit and BN unit leads an LE-predominated character and reducing boron’s electron-accepting
capacity. Similarly, integrating three-coordinated boron into electron-rich systems serves as a powerful approach to tune
optoelectronic properties of polycyclic aromatic hydrocarbons (PAHs), accompanied by weakened electron-accepting
ability of boron (Figure 3a). To achieve effective ICT based on three-coordinated boron, it is advisable to avoid direct
bonding between boron and heteroatoms or embedding boron into a large planar conjugated system. If direct bonding is
not avoidable, increasing the number of boron atoms or increasing molecular twisted degree also promotes desirable CT
properties, as in TICT-type molecules (section 3.2).

In contrast, LE in OBCTs is not entirely detrimental. The appropriate incorporation of LE character into ICT systems
can enhance molecular oscillator strength (Section 3.3) or enable highly excited-states conversion pathways of HLCT
(Section 3.4). Furthermore, boron’s p-orbital is able to stabilize the reactive neutral carbon radical in a planar structure due
to delocalizing-electron properties of boron (Figure 3b).! Spin density of 1 indicates that the unpaired electron is efficiently
delocalized over the planar molecular framework, with a significant contribution from boron. This delocalization grants 1
sufficient stability for separation via column chromatography and formation of X-ray diffraction detectable single crystal.
Boron also provides LUMO for radicals 1 and 2, achieving the rare radical electron transition from singly occupied
molecular orbital (SOMO) to LUMO (Figure 3¢).®? As a result, compound 1 exhibits intense red fluorescence with a high
fluorescence quantum yield (@k) of 0.78 in toluene.

Figure 3. a) The p-orbitals of boron atoms filled with m-electrons in electron-rich systems via electron delocalization. D:
electron-rich atoms (e.g., N or O). b) Stable radical 1 and its spin density distribution. c¢) Stable radical 2 with a bulky
boron substituent and electron transition from SOMO to LUMO. The red arrow indicates the direction of electron transition.

3. TBCT in tricoordinate boron molecules
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TBCT in tricoordinate boron molecules are the most extensively studied OBCTs. We subdivide TBCT molecules into
five categories: D-A, TICT, D-n—A, HLCT and MR. For D—A molecules, we outline representatiyg. m&%gg&%igﬁ
strategies. TICT molecules are discussed in terms of their development and classification based on whether the presence
of rotational freedom or not. D——A molecules are organized by different n-bridges, while HLCT is separately discussed
as a representative of D-n1—A. MR molecules—recently developed and well-reviewed—are examined solely regarding

their CT process.
3.1 D-A OBCTs

Boron as an electron acceptor in D-A OBCTs can be divided into unbridged and bridged triarylboryl acceptors (Figure
4).23:63 The singly bridged (Figure 4b), doubly bridged (Figure 4c), and triply bridged (Figure 4d) electron acceptors are
common in TADF molecules and generally serve as weakened electron acceptors, which will be separately discussed in
later sections. This section only focuses on the classic unbridged triarylboryl acceptors (figure 4a).

(a) p (b) 9(
o %

unbridged singly bridged
(c) (d)
D 0
G Gl
VR,
doubly bridged triply bridged

Figure 4. Triarylboryl acceptors in D-A OBCTs. X =N, O, S, CMe; and so on.

Triarylborane as an acceptor in D—A molecules has been extensively studied since its initial discovery in 1885 (Figure
5).64 To prevent nucleophilic attacks from H2O or O, bulky aryl groups like 2.4,6-trimethylphenyl (Mes) or 2,4,6-
triisopropylphenyl (Tipp) are often used to improve kinetic stability. Building on the prior study on photostability of
dimesitylphenylborane (Mes,BPh),® Williams et al. investigated a series of DA type molecules with different substituents
on the phenyl ring of Mes;BPh.% Their findings show that para-posited donor groups (e.g., NMe2 or NPh2) on the phenyl
ring of Mes2BPh significantly increased PLQY (88% for 3 in cyclohexane), while electron-withdrawing groups (CN or Br)
result in decreased PLQYSs. Additionally, the fluorescence of Mes;BPh with electron-donating substituents exhibit a
solvent-polarity-dependent red shift. This is a typical ICT process that highly polar solvents can stabilize the more polar
CT state compared to the ground state, resulting in red-shifted emission. This also indicates that introduction of D-A CT
could enhance PLQY. A trigonal D-A-D molecule (4) with a triarylboryl core were introduced,®”” which exhibits a
symmetry-broken state due to carbazole group rotation and shows a unique blue-shifted absorption sensitive to solvent
polarity attributed to dipole moment inversion upon photoexcitation.

Miillen et al. reported dendrimers 5a and 5b with different donor—acceptor ratios (1:1 and 1:2, respectively).%® 5a
exhibits a 26 nm red-shifted emission and a twofold increase in concentration-dependent emission compared to Sb. This
is attributed to the additional BMes: acceptor at para-positions of nitrogen in Sb, resulting in reduced nitrogen-donor
strength. Sb with six boron atoms displays a red-shifted emission upon the addition of three equivalents of fluoride, while
an excess of fluoride titration resulted in a blue-shifted emission. The former exhibits a stronger Dey~D—A CT through the
formation of partial B-F coordination, whereas the latter quenches the ICT process. The detailed mechanism of this

phenomenon will be discussed in section 5.2. In addition to para-D—A molecules, a series of meta-D—A molecules were
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reported including 6a, 6b and 6¢ with phenoxazine (PXZ), phenothiazine (PTZ), and 9,10-dihydro-9,9-dimethylacridine
(DMAC) as the electron donor, respectively.®® The donor and acceptor units, perpendicular to the %_tg@h@é‘;%%ﬁiﬁi
minimize electron delocalization and separated FMOs. This results in a small AEst values (~30 meV). To improve PLQY
of previously reported D-A-D molecules,’”® Yang et al. constructed two D-B—A-typed compounds 7a and 7b, which
showed a 5.6-fold increased (from 0.12 to 0.67) and 1.6-fold increased (from 0.47 to 0.75) PLQYs compared to D-A-D
parent molecules.”! These enhancements of PLQY occur despite the full charge separation in FMOs of 7a and 7b. Similarly,
D-A-B-typed molecules using BMes; acceptors combined with triazine or sulfonyl acceptors achieve greater HOMO-
LUMO separation without increasing molecular twist. 8a and 8b feature small AEst (0.037 eV and 0.013 eV, respectively)
and high PLQYs.”? Recently, an A-D—A molecule 9 was reported to enable strong n — p or n — n* transitions from N
and Se atoms to two BMes: acceptors.’”> Combined with the heavy atom effect, pure green phosphorescence was observed
in both solution and doped solid film of 9 at 298 K with an PLQY of 78%. OLEDs with an external quantum efficiency
(EQE) of 18.2% and a luminance of 3000 cd m was obtained. Triarylboryl acceptors can flexibly assemble with donor
units in a Lego-like manner to construct D-A OBCTs. Further tuning of the donor-to-acceptor ratio, altering arrangement
patterns, and incorporating functional atoms or fragments will enable enhanced charge-transfer properties.

geNepol
Jol ﬁ?@”@”@“ oe s

Yol o i08, A,
oG T E %Q % Cr@

fooel

3 4 5a:R=H 5b:R=BMes, 6a:X=0 6b:X=3S 6¢c: X=CMe,
D-A D-A-D Dendrimers
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B AR AR

CN 7b: R = Phenoxazine 8a 8b

9
-B-A A-D-A

Figure 5. Representative D—-A OBCTs with unbridged triarylboryl acceptors.
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3.2 TICT OBCTs

The electron donor and acceptor units in D-A OBCTs are commonly linked through a freely rotatable single bond,
which could enable a conformational transformation of molecular excited state accompanied with a dual emission
phenomenon. This process is known as the TICT and was first observed in 1959, when Lippert and colleagues synthesized
a dye molecule DMABN, exhibiting dual emission peaks in solution.” The long-wavelength peak of DMABN exhibits
red-shifted emission as solvent polarity increased, while the short-wavelength peak remains unaffected. The short-
wavelength emission peak is suggested to originates from the LE state, whereas the long-wavelength peak is due to an ICT
state formed upon excitation. This ICT theory provides an initial explanation for TICT phenomenon. The unique
phenomenon sparked substantial debates on the essential mechanism until Grabowski in 1973 proposed the TICT theory
to explain this dual fluorescence.”> According to TICT theory (Figure 6a), TICT molecule can emit from an LE/ICT state
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(state 2) upon excitation and then excited molecule rotates around single bond into a twisted conformation where the donor
and acceptor are nearly perpendicular (90°) to each other. This results in a distinct TICT state D@M@@ﬁﬁﬂ@@ﬁ&%@%ﬁ
fluorescence at a longer wavelength. The twisted TICT conformation is highly polar that could be stabilized in polar
solvents, leading to solvent-dependent emission behaviors. Dual emission is terminated and turn into a single emission
peak once the rotation of donor or acceptor is restricted, due to limitations on excited-state structural changes (Figure 6b).
This is similar to the emission process from a fixed-plane ICT molecule (Figure 6¢). Notably, TICT OBCTs with freely
rotating donor or acceptor units (as shown in Figure 6a) may lack dual emission. This is because two distinct excited-state
conformers cannot always coexist: 1) Environmental variations influence the degree of rotational freedom. For instance,
temperature changes can cause one conformer to disappear entirely. 2) In some molecules, there is no energy barrier
between the LE and TICT states, resulting in rapid structural relaxation of the excited state to the TICT state without any
LE emission. Additionally, TICT OBCTs with twisted rigid molecular frameworks (Figure 6b) exhibit separated FMOs,
which have extensively used for TADF. In summary, TICT molecules involve a twisted excited-state molecular structure,
which can be classified as flexible and rigid TICT depending on the flexibility of single-bond rotation.

a)
e

\LE/ICT
O _@/‘W

@

Abs Fl Fl

Planer-ICT TCl TicC1 Planer-1CT

@

Figure 6. a) Dual emission in flexible TICT OBCTs. b) Single emission in rigid TICT OBCTs. ¢) ICT in planar molecules.

Flexible TICT OBCTs undergo significant structural changes upon excitation, resulting in large Stokes shifts (Figure
7). Yang and colleagues reported a fluorescent thermometer (10a/10b) operating over a temperature range of —50 °C to
100 °C (Figure 7a).7® The pyrene segments in 10a enable flexible rotation at higher temperatures, which favors a LE-state
blue emission. In contrast, the rotation becomes restricted at lower temperatures, leading to a twisted conformation 10b
that features TICT-state green emission. This finding highlights the significant impact of temperature on the LE to TICT
emission ratio. Later, they introduced another D-A—D-type temperature indicator 11 that displayed temperature-driven LE
and TICT transitions in both liquid solvents and solid-state polymers.”’

The weakened D-A strength arising from direct B-N bonding can be recovered in TICT molecules. Aminoborane
TICT molecules 12a and 12b with direct B-N linkage were reported (Figure 7b).”® 12a demonstrates a substantial increase
in BN bond twist upon excitation, with corresponding dihedral angle increasing from 28.6° to 62.4°. 12b features flexible
rotation around both the thiophene-pyrrole and B-N bonds, exhibiting a 308 nm Stokes shift in THF (absorption maximum
at 349 nm and fluorescence at 657 nm). The thiophene-pyrrole segment in S; of 12b becomes nearly planar while the BN
fragment further twists upon excitation, which enhances donor strength and formed a TICT state. Gosh and colleagues
described another series of phenothiazine-based TICT OBCTs 13a—13¢ with direct B-N bonding (Figure 7¢), which exhibit
large Stokes shifts (up to 312 nm), aggregation-induced emission (AIE), and mechano-fluorochromism upon grinding.”
The mechanoluminescence in these compounds is ascribed to the flexible phenothiazine structure. Spiro-functionalized
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acridine as a donor was used to further enhance FMOs separation in aminoboranes, resulting in first N-borylated emitters
14 with TADF. A green OLED device based on 14 exhibits an EQE of 19.2%.%° Subsequently, saethoxyssubstitaied
carbazoles as donors were exploited to achieve efficient blue N-borylated emitters.®! t-Conjugation extensions in both the
carbazole (15)%? and mesityl of boron group (16)3* were also investigated. It is found that extending the donor enhanced
n-conjugation and steric hindrance could produce a red-shifted emission and a smaller Stokes shift in 15.8? Compound 16
exhibits solvatochromism in its emission spectra, shifting from 448 nm in hexane to 495 nm in acetonitrile. It also shows
circularly polarized luminescence (CPL) with a dissymmetry factor (gum) of approximately 3 x 10~ due to its axial
chirality.®3

a) e LE O Y )
o 26 o
B cooling % . ’ Q
Jprl,‘jﬂpr heating (s tr-,,r SC;{;B = =
Rz j j
10a 10b 13a (R; = R; = H) 14
0 13b (Ry=Br, Ry =H)
100 °C ) [N] 13c (R1 =Br, R2 = Br)
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Figure 7. Flexible TICT OBCTs. a) Fluorescent thermometer based on temperature-dependent LE/TICT conversion and
photographs showing fluorescent color change from 10a to 10b. b) Photo-induced TICT structural changes in OBCTs with
direct B-N linkages, calculated molecular structures and fragment dihedral angles for 12b and 12¢, and their experimental
Stokes shifts. ¢) B-N linked TICT OBCTs with different donor and acceptor segments.

Rigid TICT molecules are frequently utilized in achieving TADF (Figure 8). Adachi reported the first boron-
substituted TADF molecules 17 with phenoxaborin as the acceptor.®* Dimethylacridine donor and boron acceptor of 17 are
almost orthogonal (89.61°), resulting in excellent FMOs separation (Figure 8a) with AEst of 0.10 eV and enabling a blue
OLED with high EQE of 21.7%. Among structurally similar D-A molecules 18a and 18b, the dihedral angles between the
phenylene and the donors differ greatly (54.7° in 18a versus 88.9° in 18b) due to the smaller steric hindrance of the
carbazole donor in 18a (Figure 8b). As a result, only 18b displays TADF with a AEsrt of 0.013 eV, whereas 18a shows no
TADF with a AEst of 0.35 €V.® This indicates that large steric hindrance between the donor and acceptor is crucial for
effectively separating the FMOs and thereby achieving TADF in rigid TICT OBCTs. Compound 19 with a blocked
triarylborane acceptor, also exhibits TADF behavior due to its near-orthogonal donor—acceptor dihedral angle (87.3°),
leading to a green OLED based on 19 with 22.8% EQE.3¢ Incorporation of a boron-sulfur unit into molecule 20 increases
the rate of reverse intersystem crossing (RISC) through enhancing spin-orbit coupling (SOC), thereby shortening the TADF
lifetime to =1 us.?” In addition, 20 with a donor—acceptor torsion angles of 87.1° restricts relaxation from S; to the ground
state (So), producing a narrow full-width at half-maximum (FWHM) of 0.32 ¢V and enabling TADF-OLEDs based on 20
to achieve a maximum external quantum efficiency (#.x) of 25.3% at 503 nm. Adjusting donor components can further
achieve efficient blue TADF-OLEDs. % %

Doping more than one boron atom into molecules can promote TADF performance. Cheng and coworkers reported
twisted D—A-D configurations molecules 21a and 21b with borylanthracene as the acceptor.”® This arrangement effectively
separates FMOs, enables a small AEst values of 22-33 meV, and achieves up to 37.8% EQE with small roll-off featuring
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only 3% efficiency drop at 1000 cd/m? for green OLEDs. n-Extended ladder-type oxaborin and thiaborin acceptors have

View On ine

been exploited to construct 22a and 22b.°! Introducing sulfur atoms endows compound 22b with a I@@_cl@h@gqmg
higher than that of 22a (8.8 x 107° s vs. 2.5 x 107° 7). NTO analyses and SOC matrix element calculations reveal that
RISC occurs from the locally excited T rather than T: to the charge-transfer Si (Figure 8c). Furthermore, <Si|Hso|T2> of
22b is over 30 times larger than that of 22a (2.93 cm™! vs. 0.09 cm™), attributed to the heavy-atom effect of sulfur. The
combination of acridine derivatives as donors and highly hindered triarylborane as the central acceptor has been used to
construct star-shaped blue TADF emitters.”” By replacing the donor with a dimethylacridine derivative, a star-shaped
molecule achieved 38.8% EQE.?* TICT molecule 23 achieves yellow TADF-OLED emission at 556 nm, owing to its B-
heterotriangulene acceptors bearing an electron-deficient carbonyl group that lower the LUMO level (Figure 8d).°* OLED
based on 23 exhibits very low efficiency roll-off, reaching a maximum EQE of 28.4% and maintaining EQEs of 21.5% at
5000 cd'm™ and 17.7% at 10000 cd-m™. Replacing carbonyl with electron-rich oxygen atom yields weaker acceptors,
resulting in blue TADF.%® A linear D—A molecule 24 was synthesized by Wang et al., featuring a weak spiro-donor and
spiro-acceptor separated by a bulky n-spacer.” The rigid framework enables an OLED doped with 24 (30 wt % in mCBP)
to exhibit high-purity emission at 444 nm with CIEy <0.06. This deep-blue device also shows great resistance to efficiency
roll-off, achieving a maximum EQE of 25.4 % and retaining 20.0 % at 1,000 cd-m™. Recently, TICT molecules 25 with a
rigid structure has a small AEst of 0.1 eV and enables a sky-blue OLED with 32.6% EQE.?® Compared to the extensively
studied TICT molecules with para-posited acceptor and donor, molecules with meta-positioned triarylboryl acceptor have

been also used to fabricate TADF-OLEDs.?’
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Figure 8. Rigid TICT OBCTs with TADF properties. a) Classic TICT boron-based TADF molecule and its FMOs
distribution. b) TADF TICT OBCTs affected by donor—acceptor steric hindrance. ¢) Dual-boron-doped TADF TICT
OBCTs and a schematic representation of the spin-converting RISC mechanism induced by SOC for 22a and 22b. d) TICT
TADF OBCTs with different boron acceptor and their corresponding TADF-OLEDs performance.

3.3 D-n—A OBCTs

D—n—A OBCTs can be divided into two categories by single bond linked (Figure 9 and 10) and fused aromatic (Figure
11 and 12) n-bridge. Additionally, Single bond linked D-nt—A OBCTs also include macrocyclic and pillar[5]arene D-n—A
OBCTs in this section (Figure 10). Numerous linear D-n—A OBCTs have been developed since the first D-n—A OBCTs
reported by Williams et al. in 1972.% Shirota reported boron-containing linear D-n—A molecules with a thiophene n-bridge,
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fabricating blue-green and green OLEDs.”® In contrast to linear D-n—A configurations, non-linear D-n—A molecules (26a-
26¢) that incorporate boryl groups as side chains exhibit twisted molecular geometries and intense so%si@t@ﬂ%ﬁ%@@ﬁ%
in film.*® 26a displays a more intense red-shifted fluorescence than 26b (562 nm, @ = 0.90 vs. 555 nm, @ = 0.86) in film,
while an ethenylbenzene n-bridge in compound 26¢ enables a further red-shifted emission up to 596 nm (@r = 0.73). These
observations imply that regulating n-bridges can achieve red—NIR light emissions by influencing the CT process. Marder's
team combined dithienyl n-bridge and strong donor—acceptor to obtain compound 27, which exhibited near-infrared (NIR)
emission at 745 nm with a PLQY of 48% in acetonitrile. This is the first example of a three-coordinated organoboron
compound showing efficient NIR emission.'” Subsequently, D-nt—A molecules with unsymmetrically substituted
triarylboryl acceptors were developed.'®! It indicates that steric hindrance from substituents on boron could prevent the
excited-state from becoming planar, thereby enhancing the molecules’ photostability.

Introducing the tetraphenylethene (TPA) n-bridge and the TPA-like fused selenophenothiophene n-bridge into D—n—
A OBCTs affords compounds 28'% and 29'%, respectively, both of which exhibit notable TICT-driven solvatochromism
and AIE behavior. Star-shaped D—nt—A molecule 30 with asymmetric architectures, in which the HOMO is primarily
concentrated on the more electron-rich diphenylamine segment, enabling blue phosphorescent OLEDs.!* In fact, ICT
primarily occurs on fragments comprising the strongest donor and acceptor parts in molecules. Ozturk presented a D-—A
molecule with a fused thiophene n-bridge, exhibiting a 200 nm solvent-dependent red shift (412 nm in hexane to 611 nm
in acetonitrile).'® Recently, Yamaguchi introduced olefin-borane acceptors to construct D-n—A molecule 32a, which
exhibited pronounced solvatochromism.!%® The unique olefin structure in 32a allows the C=C double bond to weakly
coordinate with boron. The addition of a Lewis base to 32a triggers frustrated Lewis pair (FLP)-type interactions and forms
32b rather than direct coordination with boron atom, resulting in significantly altered absorption and emission properties.

BMes,

thNNth

Mes,B
26a: n=1 (Aq = 562 nm)
26b: n=2 (Aq = 555 nm) N

26¢ (A = 596 nm) 27 (Ag =745 nm)
NPh,

O HOMO

30 NPh; 31
Aq =412 nm (in hexane) Aabs = 405 nm Aabs = 355 nm
Ag =611 nm (in ACN) Ap =478 nm Ag =392 nm

Figure 9. D-n—A OBCTs with linked aromatic n-bridge.

Design strategies of D—n—A are also applied in constructing macrocyclic and pillar[5]arene OBCTs (Figure 10). In
2012, Jakle introduced the seminar ambipolar macrocycle with a boron—m—nitrogen (B—n—N) structure (33), exhibiting
intense blue fluorescence.!’’” Notably, the HOMO of 33 only distributes across one of nitrogen donors and bridging
phenylene rings, while the LUMO primarily localizes on two boron acceptors adjacent to the nitrogen donor where HOMO
locates, with minor contributions from the exocyclic phenyl rings. Additionally, macrocycle 34 with fluorene as the n-
bridge exhibits significant D—n—A transitions, where the overlapping region of FMOs is located on the fluorene moiety.
Consequently, molecule 34 displays a pronounced bathochromic shift as the solvent polarity increases.'”® Among B—n—N-
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embedded cyclophanes 35a-35¢, the arrangement of 35¢ exhibits the smallest HOMO-LUMO gap and clearly separated
FMOs, however, resulting in fluorescence quenching of the S; state.!*’ Interestingly, 35a exhibits ag@dlmkﬁ‘g%%%&%?@mﬁ
and a rise in @f from 0.16 to 0.40 with increasing solvent polarity, which violates the energy-gap law as opposed to
compound 35b. Incorporating a B-n—N structure into pillar[5]arenes achieves a PLQY of 99% in solution and PLQY of
57% in solid for 36, compared to parent pillar[5]arenes with low PLQY (<0.01).''% Notably, DFT calculations indicates
that HOMO responsible for the S; transition of 36 localizes on the pillar[S]arene structure instead of nitrogen, because the
electron-donating effect of the methoxy group allows pillar[5]arene framework to act as a donor. Compound 37 exhibit a
red-shifted emission at 612 nm to 33, in which the donor and acceptor of 37 are spatially separated on opposite sides of a
n-extended ring system.!!! Further exploration examines the impact of low symmetry and the B/N ratio on CT, which
indicates that single-boron macrocycles exhibits stronger CT properties and smaller HOMO-LUMO energy gaps than their
highly symmetric aza/boracyclophane analogues.''> Chen et al. synthesized organoborane macrocycles 38 using chiral
[SThelicenes combined with a B-n—N structure, which displayed strong emissions with PLQY's up to 100% in solution and
34% in solid.""® The CPL brightness (Bcpr = € X @pL % gum/2) of the figure-of-eight macrocycle 38 is 33.0 M~ cm™,
ranking among the highest values reported for [n]helicene-based small organic molecules at that time. Introducing boron
atoms to tailor charge transfer in macrocyclic molecules is an efficient strategy for significantly boosting their
luminescence performance.
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Figure 10. Macrocyclic and pillar[5]arene D-n—A OBCTs.

As one of representative fused aromatic n-bridge, pyrene was used to construct OBCTs 39a and 39b (Figure 11).!14
39a exhibits a more twisted structure than 39b due to larger steric hindrance between donor/acceptor and pyrene in 39a.
This results in a more red-shifted solvatochromism for 39a, with a maximum emission at 658 nm in acetone. Notably, 39b
shows an increase in PLQY from 0.07 to 0.36 as emission shifts from 458 nm in n-hexane to 561 nm in CH2Cl., which
obeys the energy-gap law. Similarly structured molecule 40 with fixed electron donor exhibits a high radiative transition
rate.!’> Axially chiral D-n—A molecules 41a and 41b were reported with naphthalene as the n-bridge.''® Compound 41a
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exhibits dual emissions of 485 nm and 535 nm at 20 °C. Upon heating, the intensity of the short-wavelength emission peak
increases rapidly, whereas upon cooling from 20 °C to =50 °C, the long-wavelength emission peak mig@@ﬁvﬁél, félfm?lﬁé
CT state undergoes a 31 nm bathochromic shift. The transition of S; is from dimethylaminonaphthyl group of one D-n—A
subunit to the LUMO on the dimesitylborylnaphthyl moiety of other subunit, while S,, responsible for short-wavelength
emission, primarily involves transitions within the same subunit (Figure 11). 41b exhibits intense CPL response, achieving
tunable CPL properties via fluoride titration and a high luminescence gjum of 1.6 x 1072, Compared to the star-shaped D—
n—A OBCTs, molecules 42 with bulky 9,10-anthrylene as the m-bridge shows a pronounced D—n—A transition from the
anthrylamine moiety to the anthrylborane moiety.'!” The large steric hindrance of the n-bridge in 42 imparts significant

resistance to aggregation-caused quenching (ACQ) and exhibited a solid-state emission at 643 nm with a PLQY of 31%.

OMe

HOMO
Mes,B S,

41a;R=Me 41b:R=Ph 42
Zym = 1.6 x 1072 Ay =643 @, = 0.31 (in solid)

Figure 11. D-n—A OBCTs with fused aromatic n-bridge.

In addition, Yamaguchi introduced a push—pull effect by fusing aromatic n-bridge with boron to generate narrow NIR
emitting materials 43a and 43b (Figure 12a).!'® 43a exhibits a narrow emission at 791 nm, with a Stokes shift of 21 nm
(345 cm™), a FWHM of 49 nm (771 cm™), and a PLQY of 8.9%. The crystal structure of 43a reveals a quinone-like -
bridge that facilitates conjugation between the empty p-orbital on boron and the n/n* orbitals of the butadiene structure
(Figure 12b). This arrangement enables an effective electron push—pull interaction between boron and the distal diphenyl
ether donor, resulting in NIR emission. Furthermore, replacing the central benzene with an electron-rich thienothiophene
unit obtain compound 43b, which exhibits an even narrower NIR emission at 952 nm, with a Stokes shift of 7 nm (78 cm-
1, a FWHM of 28 nm (309 cm™) and a PLQY of 3%. Integrating boron-dominated CT with a fused aromatic m-bridge is
an effective strategy for inducing red-shifted emission in tricoordinate boron systems, particularly enabling near-infrared

emission.
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Figure 12. a) NIR emissive OBCTs with fused aromatic n-bridge based on electron push—pull effect. b) Illustration showing
the orbital interaction of FMOs and the push—pull effect in 43a.

3.4 HLCT OBCTs

In addition to the typical upconversion from T: to Si, reverse intersystem crossing (RISC) can also occur between
higher triplet states (Tm, m > 1) and singlet states (S,, n > 1), a process known as high-lying reverse intersystem crossing
(hRISC).%8 119 This can be achieved by HLCT molecules that feature hybrid LE state and CT state, ensuring high radiative
decay rate from S to So and facilitating hRISC from T, to S,.'?% 21 HLCT molecules enable efficient triplet exciton
utilization and typically possess a D—n—A structure. Boron-based receptors, which readily introduce LE character, are ideal
for constructing HLCT molecules. However, HLCT OBCTs have relatively less reported (Figure 13).

Introducing cyano groups to modify triarylborane acceptor renders 44 strong electron-accepting characteristics
(Figure 13).'2? It exhibits oxygen-sensitive PLQYs and delayed fluorescence phenomena. Lower temperature results in
shortened prompt fluorescence decay and lengthened delayed fluorescence decay for 44, probably due to the hot-exciton
process. The weakened boron acceptor, such as DOBNA, is more common in HLCT OBCTS in order to ensure LE ratio.
45 was constructed by combining DOBNA as a weak acceptor and anthracene as a weak donor.'?* The LE state in
compound 45 is located on the central anthracene unit, whereas the CT state occurs from the anthracene to DOBNA. A
significant AEst of 1.33 eV is observed for 45 while the S1/S; and T4/Ts energy levels were very close, promoting efficient
hRISC processes. 45-doped devices exhibit deep-blue emissions with a maximum EQE of 10.1%. Recently, Yan and
coworkers reported a structurally similar HLCT OBCT, based on which a non-doped device achieved deep-blue emission
with an minimal efficiency roll-off, from EQE of 8.4% at 1000 cd m to 5.14% at 10899 c¢d m2.'2* D-n—A molecule 46,
which exhibits near ultraviolet (UV) emission at 414 nm, was generated by incorporating DOBNA and tetrahedral
tetraphenylsilane (TPS) with large steric hindrance, featuring a LE state located on DOBNA and a CT process occurring
from DOBNA to the phenyl rings of TPS.'?> Additionally, 46 exhibits a 0.52 eV energy gap between the S; and T states
while only 0.04 eV between S| and T3, indicating HLCT properties in 46. Yang et al. exploited fluorene as the n-bridge to
construct a D-n—A molecule 47.!26 Weak hybridization is observed between the S> and S, states of 47, wherein a high
PLQY is achieved via an LE-like HLCT S; with higher oscillator strength, while a “hot-exciton” channel is primarily
formed through the nearly pure CT S, (Figure 13). DFT calculations further indicate that hRISC occurs between S; and Ts
as well as between S; and Ts in 47.
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Weak boron acceptors can facilitate an effective HLCT process with short-wavelength emission. Double BO-
embedded PAHs 48a and 48b exhibit narrow UV and violet-blue emission (FWHM of 25 and 37 nm, respectively) in
toluene, where the directly bonded B—O atoms act as weak acceptors, imparting the molecules with LE-dominated HLCT
properties (Figure 14a).'?” TD-DFT calculations of 48a and 48b reveal that Si has small energy gaps and large SOC matrix
elements with Ts—Ts, whereas it exhibits opposite characteristics with T1 (Figure 14b). This suggests the efficient utilization
of hot excitons via hRISC processes, as evidenced by oxygen-sensitive PLQYs. The 48a- and 48b-based UV and UV-blue
OLEDs exhibit both high color purity and high efficiency. In particular, the 48a device features emission at 394 nm, with
a CIEy 0f 0.021, a FWHM of 48 nm, and a EQE of 11.3%, which is among the best performances reported for UV OLEDs
with CIEy < 0.05.
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Figure 14. a) HLCT OBCTs with directly bonded B—O atoms acceptor, and their corresponding OLED performances. b)
TD-DFT-calculated singlet and triplet energy levels, along with SOC matrix elements between S; and T, states, for 48a
and 48b.

3.5 MR OBCTs

LR-CT involves substantial vibrational relaxation processes in the excited state, resulting in broadened emissions and
reduced PLQY's in TADF molecules. In 2016, Hatakeyama and coworkers introduced the SR-CT mechanism of MR-TADF,
utilizing the opposing resonance effects of boron and nitrogen atoms to achieve an alternant HOMO/LUMO arrangement
in the central phenyl ring (Figure 15a).'?® The efficient separation of FMOs enables small AEst with TADF characteristic
while minimizing excited-state electron-structure change. Additionally, the rigid framework decreases reorganization
energy, leading to narrow FWHM and high PLQY. Two classic MR-TADF molecules named DOBNA'28 and DABNA?’
were successively reported. Further, Duan'?® and Wang'3? developed carbazole-based molecule 49, achieving a more rigid
structure and red-shifted emission (Figure 15b). Boron-based MR-TADF molecules have made rapid progress in recent
years and have been systematically summarized.'3!-133 Therefore, this section focuses on strategies of tuning MR-TADF
properties involving CT.

Most of MR-TADF molecules emit exclusively in the blue to green region. Adopting the framework expansion of 49
based on carbazole and its derivatives, Yasuda et al. synthesized MR-TADF OBCTs 50a and 50b with opposite shifts in
emission wavelength.'>* 50a with para-arranged B—n—N units displays a blue-shifted emission due to weakened D-A
interactions, while 50b with para-arranged B—n—B and N-n—N units produces red emission at 615 nm due to strengthened
D—A interactions (Figure 15c). This strategy of combing B-m—B and N-n—N is widely applied to achieve longer-
wavelength emission for MR-TADF molecules.!*> 135 Additionally, The non-bonding nature of MR-TADF that limits
conjugation expansion is generally accepted as a factor restricting red shift of emission for MR-TADF molecules.'3®
Considering that donor—acceptor strengths directly affect the energy gap of molecular transitions, the influence of different

MR -arrangements into donor—acceptor interactions are discussed as follows.

As shown in Figure 15d, the ortho D-n—B configuration facilitates charge separation within the central phenyl ring,
resulting in a smaller AEst. However, opposite resonance and inductive effects between the donor and boron mutually
weaken their strengths. Similarly, in the para-D—n—B configuration, donor—acceptor strengths are diminished without an
inductive effect. Therefore, MR-TADF essentially involves a weak CT process. For meta-B—n—B/D—n—D structures,
opposite resonance effects locate on the same atoms of phenyl ring strengthen MR in OBCTs. Molecules by combining
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these configurations are expected to yield blue-shifted TADF emission. In contrast, the para-B—n—B/D—n—D configurations,
in which same resonance effects alternately locate on the central phenyl ring against MR effects, res@bm_@:m%@@ o1
or acceptor strength. Similar influences on the donor or acceptor are observed in the ortho-B—n—B/D—n—D configuration,
while an additional inductive effect further enhances donor or acceptor strength. In the meta-D-n-B configuration,
opposite resonance effects on the same atoms of central phenyl ring cancel each other out and increase AEst of molecules.

MR-TADF molecules with these two configurations are anticipated to exhibit red-shifted emission, in which the central
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Figure 15. a) MR-TADF design principles. b) Representative MR-TADF OBCT structures. ¢) B-n—B and N-n—N structures
reported by Yasuda. d) Effects of atomic arrangements on AEst and donor—acceptor characteristics of MR-TADF molecules.

Integrating MR effect with LR-CT also enables red-shifted emissions (Figure 16). Duan et al. introduced electron-
withdrawing substituents at the para-position of boron-attached benzene ring in 49 to generate molecules 51. LUMO of
51 extend onto the fluorophenyl substituent, conferring CT characteristics and resulting in blue-green TADF at 494-499
nm.'? Then, the concept of HMCT was proposed to construct molecule 52 by extending the © system with an electron-
withdrawing aza-phenanthrene moiety.*> The enhanced ICT character of 52 reduces the HOMO-LUMO energy gap,
leading to a sharp green emission at 522 nm (FWHM = 28 nm) and an extremely high PLQY of 99.7 %.

Appling HMCT strategy into D-n—A systems formed the hybrid LR/SR-CT molecule 53, in which D-MR-A design
resulted in a high oscillator strength with a smaller AEsr.*> In addition, symmetric DOBNA units on both sides of 53
exhibit dual CT pathways, doubling oscillator strength (from 0.1426 to 0.3498) compared to the molecule with single-
sided DOBNA and achieving an OLED with an high EQE of 40.4%. Recently, Hatakeyama and coworkers developed a
donor/acceptor ““core-shell” molecule 54 by introducing an additional boron atom into a deep-blue MR matrix.'*” The
highly localized tri-boron region with strong electron-withdrawing effect effectively deepens the LUMO level, inducing
LR-CT between the B core and electron-donating MR shell fragments in the rigid structure. As a result, compound 54
exhibits an emission at 613 nm with a narrow FWHM of 31 nm, representing a 172 nm red shift compared to the MR-
matrix shell compound. The 54-based OLEDs achieve pure-red emission up to 624 nm with an EQE of 23.3% and
demonstrate excellent electroluminescent stability, with a maximum LToo (time to 99 % of the initial luminance) exceeding
400 h at an initial luminance of 1 000 cd m™2.
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Figure 16. TADF molecules utilizing hybrid LR/SR-CT.

4. TSCT in tricoordinate boron molecules

TSCT occurs in n-stacked systems where two or more aromatic units are close but not covalently bonded.?*3* TSCT
OBCTs can be classified by rotatable and fused n-spacer. Single-bond-connected spacer is rotatable with greater flexibility,
enabling parallel D—A configurations (Figure 17), while fused n-spacer imparts rigidity to molecule frameworks, which is
ideal for constructing TSCT TADF emitters (Figure 18-20).

In 2006, Wang and colleagues reported the first TSCT OBCT 55 where the donor N(Ph)(1-naphthyl) and acceptor
BMes: are linked to rotatable biphenyl groups bridged by a naphthalene unit.!*® The U-shaped geometry of 55 allows
TSCT from the amine to the boron unit, which can be blocked upon fluoride titration and undergo a change of fluorescence
from green to brighter blue (Figure 17a), serving as a "turn-on" sensor for fluoride. Subsequently, V-shaped TSCT molecule
56 with an organosilicon spacer was developed, offering increased rotational freedom between donor and acceptor groups
and increased sensitivity to fluoride.!® Introduction of a dimethylarylamine donor created a TSCT molecule featuring
similar structure to 55 and dual fluoride and proton response, in which fluorescence shifts to sky blue upon fluoride titration
while protonation of the amine shifts emission to purple.'4’ Smaller spacer can also be applied to construct TSCT molecules.
Rotatable biphenyl spacer was exploited to construct molecules S7a and 57b with BMes. and NPh: at adjacent positions.
These molecules exhibit bright TSCT fluorescence and undergo significant blue shifts upon fluoride titration due to the
inhibition of ICT process (Figure 17b).'! Then, they introduced a new family of triarylborane-based [2,2] paracyclophane
derivatives 58a and 58b, enabling efficient TSCT intense fluorescence and TADF.!4? Remarkably, the enantiomerically
pure form of 58a exhibits strong CPL with gjum up to 4.24 x 1073,
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Figure 17. a) U-shaped and V-shaped TSCT OBCTs with rotatable n-spacer. b) TSCT OBCTs with smaller spacer. Insets
showing the fluorescence change after fluoride titration.

The twisted TSCT structures can effectively separates FMOs and avoid ACQ of emission (Figure 18a), which have
been widely utilized in designing efficient TADF emitters. The TSCT molecules with TADF are typically constructed by
arranging the donor and acceptor at adjacent positions on the fused m-spacer. This can shorten the n—n interaction distance
between donor and acceptor, resulting in an enhanced transition dipole moment and reduced vibrational relaxation. The
bulky triarylboron acceptors can improve molecular rigidity of TSCT OBCTs to enhance TADF performance. 59 with a
BMes: acceptor has intrinsic steric “locking’ that enables a highly twisted conformation, resulting in a small AEst of 0.15
eV and an efficient blue TADF at 463 nm.'*? The electron-donating groups substituted at boron's para position of 59 induce
a blue shift in emission,'#* while electron-withdrawing groups cause a red shift.'** The highly separated HOMO and LUMO
of 60 are localized primarily on the carbazole and BMes: units, respectively, indicating that charge transfer occurs both
through the aryl linker and through space. This dual-mode CT gives rise to a small AE of 0.05 eV alongside a large
transition dipole moment.'*® Moreover, the twisted framework of 60 effectively suppresses intermolecular n—m stacking,
enabling blue non-doped OLEDs to achieve an exceptional EQE of 19.1%. ortho-D—A-D TSCT OBCT 61 features distinct
CT from two carbazole units to triarylboryl unit (Figure 18b).147 NTO analysis of the hole—particle overlap reveals that
TSCT contributes up to 84.49% of the total CT character. OLED incorporating 61 exhibits green electroluminescence with
a maximum EQE of 27.5%.
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Figure 18. a) TADF-emissive TSCT molecules with triarylboron acceptors. b) The calculated HOMO/LUMO distributions,
AEst and the TSCT/CT ratio (#77rsct/ct) for 61.

Planar MR boron acceptors, such as DOBNA, are also widely used for constructing TSCT OBCTs with TADF
properties, which require larger fused aromatic rings as spacers. Yang et al. exploited tert-butyl carbazole as a rigid spacer
to build TSCT molecule 62, where the planar donor and DOBNA acceptor exhibited strong intramolecular n—m interactions
in a face-to-face orientation (Figure 19a).'*® This increases the radiative decay rate of S; and suppresses non-radiative
decay, resulting in a PLQY up to 0.99 in 62-doped thin films. Device with 30 wt% of 62 achieves maximum EQE/current
efficiency/power efficiency values of 23.96%/76.74 cd A7'/65.63 Im W', respectively. A TSCT dendrimer with blue TADF
characteristics was developed by incorporating three DOBNA acceptors. CT process in this dendrimer mainly arises from
TSCT, with intrafragment charge transfer (IFCT) analysis revealing a contribution ratio of 92.2%.'% Gradual planar
skeleton modification of phenyl acridine from 63a through 63b to 63c¢ leads to progressively closer intermolecular donor—
acceptor stacking, which diminishes vibrational relaxation and produces increasingly narrow FWHMs from 57 nm to 35
nm. (Figure 19b). 63a and 63b show ultrapure-blue TADF, while 63c exhibits a large AEst of 0.29 eV without TADF due
to the weak carbazole donor strength.!>" Notably, introducing an extra tert-butylcarbazole substituent at the para position
of carbazole in 63¢ induced TADF emission by enhancing the carbazole donor strength, reducing AEst to 0.09 eV.'3!
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Figure 19. a) TSCT OBCTs with planar donor and DOBNA acceptor in a face-to-face orientation. Single crystal structure
of 62 showing the strong intramolecular m—r interactions. b) TSCT OBCTs with different skeleton-modified phenyl
acridine donor, as well as the relationship between structures and HOMO levels of phenyl acridine and its derivatives
based on DFT calculations.

MR segment DABNA can also act as acceptor to construct TSCT OBCTs (Figure 20). 64a and 64b display a
sandwiched structure, with a DABNA acceptor that played dual roles as both a TADF emitter and an electron acceptor.'?
The RISC process of 64b occurs from the TSCT-type T» to the MR-type Si, with a large SOC matrix element
<!MRCT|Hsoc]TSCT> 0f 0.33 cm™! (Figure 20), resulting in fast delayed fluorescence with a lifetime of 10.6 ps. A 3 wt%
doped device with 64b reaches a maximum EQE of 31.7%. Recently, Xiao and coworkers combined MR and TSCT
strategy to design a high-performance green narrowband OLED, achieving an EQE of 32.3%.'>* Another planar 9,10-
diboraanthracene acceptor was exploited to construct 65, which exhibited strong red TADF and produced a red OLED with
an EQE of 10.1% at 615 nm."** In addition, molecules 66a and 66b were obtained using a highly planar benzene-fused
boracycle.'> The distance between B and N in 66a and 66b decrease when the donor switches from carbazole to electron-
rich phenothiazine, indicating stronger n—r interactions between boron acceptor with phenothiazine. Notably, 66a exhibit
no TADF properteis, likely due to the weak carbazole donor. These compounds display low PLQY's in solution and high
PLQYs at low temperatures or in doped thin films.
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Figure 20. TSCT OBCTs with different planar boron acceptors. The illustration showing calculated hole (green) and
electron (blue) distributions and energy gap of the '*MRCT and '3TSCT excited states for 64b.

5. ICT in tetracoordinate boron molecules

Tetracoordinate boron molecules with sp* hybridized boron atom exhibit a stable and blocky octet electron
configuration compared to tricoordinate boron molecules, forming a three-dimensional architecture with ACQ resistance.
156 Additionally, the three-dimensional form also allows greater flexibility in designing tetracoordinate boron compounds.
In terms of electronic properties, the filled p-orbital in tetracoordinate boron eliminates its electron-withdrawing capability,
rendering it a distinctly different role in CT process compared to tricoordinate boron. To date, research on the CT
mechanism of tetracoordinate boron compounds is still relatively limited. This chapter provides an in-depth analysis of the
roles of tetracoordinate boron in CT process.

5.1 Chelation of tetracoordinate boron

Tetracoordinate boron is commonly exploited as an acceptor fragment in charge-transfer molecules, which can be
categorized into four types based on the chelated donor atoms: O,0-chelate, N,C-chelate, N,O-chelate, and N,N-chelate
(Figure 21a).'>7 Strong electron-withdrawing groups like F, CFs, and CeFs are usually incorporated into these compounds
as substituents of boron. Understanding the impact of chelation at the tetracoordinate boron center on the ICT process is
crucial for advancing the design of functional tetracoordinate compounds.

Liu and coworkers analyzed single-crystal structures of BODIPY and observed that the two B-N bonds in the N-B—
N unit had equivalent bond lengths of approximately 1.55 A, suggesting the existence of a resonance hybrid of B-N and
B—N bonding (Figure 21b). Accordingly, a novel tetracoordinate boron molecule 67 was developed to exhibit resonance
hybrid of N-B-N bonds.'S® The single-crystal structure of 67 reveals similar B-N bond lengths (around 1.54-1.55 A),
despite the two nitrogen atoms in the N—B—N unit differ in their chemical environments. Notably, the HOMO distribution
of 67 is skewed toward the dihydrophenazine moiety, while the LUMO is slightly preferentially localized on the thiazole
segment. This is likely due to the influence of more dominant resonance forms on FMOs. Furthermore, molecules 68a and
68b were synthesized, featuring a hyperconjugation effect that influences the electronic structure and stabilizes different
redox states (Figure 21c¢).'* This highlights that c— hyperconjugation can occur in tetracoordinate boron compounds
without disrupting conjugation, thus facilitating the CT process. The covalent and coordination bond lengths were
measured to be 1.56 and 1.64 A in the single crystal of 68a, respectively, indicating that bulky phenyl substituents on boron
lengthen the B—N bonds and weaken the coordination bond, resulting in reduced resonance effect.
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Chou et al. utilized tetracoordinate boron as the linkage unit to generate molecule 69, which revealed that the HOMO
and LUMO were well-separated and tetracoordinate boron brought a rigid molecular framework (Figuge, &k 2&5& Ege(
subsequently fabricated the first TADF OLED based on tetracoordinate boron molecule 69, achieving a maximum EQE of
13.5%. Recently, spirocyclic NIR emitters 70a and 70b were introduced by incorporating a tetracoordinate boron acceptor,
a dimethylacridine (DMAC) substituent and either chiral binaphthol, or octahydro-binaphthol donors.'®! The LUMOs of
70a and 70b are primarily localized on the acceptor unit of the B-diketone-coordinated boron and the adjacent benzene
ring, indicating a robust OBO resonance effect, while the HOMOs exhibit different distributions depending on the electron-
donating strength of the chiral units. Solution-processed, non-doped OLEDs based on these emitters show NIR emission

peaking at 716 nm, with a maximum EQE of 1.9% and a high exciton utilization efficiency of 86%.

a) ﬂ ﬂ ﬂ m c) Hyperconjugation R
C‘B'N O‘B'O N‘B'N N.B,O

R R R R R R R R
NG ©00 NN NO

f Coordination
R F F F
b) \B, \B.
/ N ‘N, - = -..N‘ ‘N \
=l _ 1 ol B
F

BODIPY
- R oF Cx
BN N8 - BN N-BF -
N N N N Ph” 1
B OO0 "
S S S S
67

N N o] 0.,.0
N.g oB:

- L%
@ @ O 70a O O 70b O

69

Figure 21. a) Chelation types of tetracoordinate boron as an acceptor fragment b) Resonance hybrid of B-N and B—»N
bonding ¢). Hyperconjugation effect in the tetracoordinate boron molecules. d) Tetracoordinate boron TADF molecules.

5.2 Coordination-enhanced/quenched charge transfer

The thriving of OBCTs has been closely tied to the innovative exploration of CT process. In contrast to the well-
established m-acceptor roles of tricoordinate OBCTs, tetracoordinate boron compounds with a filled p-orbital present a
conundrum regarding clarification of their underlying CT process, an understanding of which will facilitate the diverse
advancement of tetracoordinate boron OBCTs. In 2022, our group reported a tetracoordinate boron compound 72a,
featuring intriguing TADF properties.'> Compared to its parent tricoordinate boron molecule 71,'®3 72a exhibits a red-
shifted emission exceeding 100 nm, reaching 557 nm. In addition, 72b with a fused heptagon displays a deep-red emission
at 660 nm and shows significant AIE behavior (Figure 22).
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Figure 22. Tri- and tetra-coordinate boron molecules with NBN fragment and their maximum emission wavelengths in 10
> M THF solution. Inset is the photograph showing the emission intensity increase of 72b with increasing H-O fraction.

Recently, we constructed a family of tetracoordinate boron-based twisted helicenes 73a—73d, achieving red-shifted
emission with narrower FWHM by combining an alternating D—n—A framework with boron-induced CE-CT (Figure 23).164
73a—73d designed by CE-CT strategy utilize the electron-withdrawing pyridine ligand to coordinate with the empty p-
orbital of boron, enhancing the pyridine acceptor strength. Four-coordinated boron atom in 73a—73d features low
electronegativity and electron-octet structure, which pushes o-electrons to the carbazole donor fragments. Boron atom in
CE-CT process serves as a bridge for the electron shuttling, resulting in a push—pull effect with enhanced CT. In addition,
these compounds display red-shifted emissions up to 753 nm at higher concentrations. Cis/trans configurational isomers
of 73¢ were separated and exhibit nearly identical photophysical properties. Subsequently, IFCT and Huang-Rhys factor
calculations clarified the phenomenon of narrowing red-shifted emission. CE-CT strategy offers a solution to the challenge
in achieving red-shifted emission in OBCTs.

a) b)

. ’ 73a lem = 569 nm 73C hgm =700 nm
CE-CT FWHM = 0.21 eV FWHM = 0.11 eV

B
_A- 73b Ao = 662 N 73d ey = 715 nm
FWHM =0.13 eV FWHM = 0.08 eV
Figure 23. a) Coordination-enhanced charge transfer mechanism. b) A family of tetracoordinate boron helicenes and their
maximum emission wavelengths and FWHMs in 10~ M toluene solution.

Inspiringly, principle of CE-CT can also elucidate the effect of coordination on CT process of tricoordinate boron
compounds. Different ligands could lead to opposite CT effects during the coordination process, in which the ligands can
be categorized into two types: (1) electron-rich donor-type ligands, which include various anions like fluoride and saturated
amine groups such as NMe: and NPh., and (2) electron-deficient acceptor-type ligands, including heteroaromatics (e.g.,
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pyridine and benzothiadiazole) and carbonyl (e.g., ketone and aldehyde). Two tricoordinate boron theoretical models are
proposed in this perspective: D-n—B and A—n—B systems, to investigate the impact of coordination with l@iﬁéf%ﬁgﬁ%%@ﬁ%
on CT process, aided by in-depth analysis of CE-CT (Figure 24). Coordination with an electron-rich ligand in D-n—B
system will reduce the electron-donor ability of ligand and form a D—n—Dg) systems, which commonly exhibits enlarged
energy gap due to D)-quenched CT process (Figure 24a). Notably, weak Dg) usually does not participate in FMOs and
above process can be termed as coordination-quenched charge transfer (CQ-CT). During this process, coordination with
an electron-rich ligand inverts the original boron acceptor into a weak donor unit (D)), so CQ-CT can also be termed
acceptor-inversion coordination-quenched charge transfer (iCQ-CT). The proposed CQ-CT have several potential
applications: (1) The change in emission properties upon coordination with specific ligands can be exploited for
sensing applications. For instance, the quenching of emission in response to the presence of certain anions or
biomolecules can serve as a selective and sensitive detection mechanism. This can be particularly useful in biological
sensing, where the detection of specific ions or molecules is crucial. (2) CQ-CT can be utilized to design switchable
materials whose optical properties can be modulated by external stimuli. By controlling the coordination environment,
one can switch between states with different emissive properties, which can be applied in smart windows, displays,
and other optoelectronic devices that require dynamic control of light transmission or emission. (3) In energy transfer
systems, CQ-CT can be used to regulate the efficiency of energy transfer. By designing systems where the charge
transfer is quenched upon coordination, one can control the flow of energy in a molecular circuit, which can be
beneficial in solar cells and other photovoltaic applications.

In contrast, D-n—B system coordinating with an electron-deficient ligand could enhance electron-acceptor ability of
ligand and form a new D—n—Ag) system, resulting in a red-shifted absorption and emission if the new CT is stronger than
that of the D-n—B system (Figure 24a). This process involves CE-CT similar to that in 73a-73d. In the A—n—B system,
coordination with an electron-rich ligand forms an A—n—Dg) system, which typically enhances molecular CT and leads to
a red-shifted emission due to the generated D—-n—A architecture (Figure 24b). This process, which inverts the boron
acceptor into a donor unit (D)) to enhance CT, is termed acceptor-inversion coordination-enhanced CT (iCE-CT). In
addition, coordination with an electron-deficient ligand in the A—n—B system yields an A—n—Ag) system.
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Figure 24. The effect of coordination on the CT process of a) D-n—B, b) A—n—B and c¢) B-n-B systems, D: electron-donor,
A: electro-acceptor, B: boron atom.

When the electron-acceptor A is boron atom (B), the A—n—B can be also represented by B—n—B (Figure 24c¢). Recently,
Boron-based multi-helicene 74a with superior PLQYs and excellent chiroptical properties were reported by our group
(Figure 25). Upon fluoride titration, emission of 74a first bathochromically shifts from green (522 nm) to orange (567 nm)
with the formation of mono-fluorinated helicene 74b, and then hyperchromically shifts to yellow (541 nm) producing a
mixture of cis/trans-di-fluorinated helicene 74¢.'%° This indicates that the titration process from 74a to 74¢ represents a
transformation of B—n—B system into a B-n—Dg) system, where the iCE-CT process results in red-shifted emission. Further
transformation to the D@)y-n—DB) system in 74¢ leads to blue-shifted emission, resulting from a CQ-CT process (Figure
24c¢). Notably, the fluorides in both 74b and 74¢ exhibit negligible contributions to FMOs due to their weak donor ability.
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Figure 25. a) Double-fluoride titration of double-boron doped helicene 74a. b) Titration experiments of 74a in acetone

(1.0x10 M) solution with TBAF, measured by fluorescence spectra (Aex=470 nm). Inset: photos showing fluorescence of

74a with 0 equiv, 4.00 equiv and 25 equiv TBAF in acetone.

Four-coordinated boron could be dissociable during the photoexcitation process. Yamaguchi and colleagues reported

that triarylborane-pyridine complex 75a underwent photodissociation process in the excited state, resulting in dual

fluorescence (Figure 26).1° The shorter-wavelength fluorescence originates from the LE emission of 75a, while

photodissociation in the S: state generates uncoordinated borane 75b, which is responsible for the longer-wavelength
emission. Notably, the HOMO of 75a located at the boron-containing backbone, while the LUMO almost localized on the

pyridine group, forming an effective D-n—A) system. However, 75a exhibited a blue-shifted emission to 75b due to its

relatively weaker CT compared to that of 75b.
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Figure 26. a) Photoinduced coordination cleavage of triarylborane-pyridine complex 75a. b) A plausible energy diagram

for the photodissociation process.
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Furthermore, we have summarized several representative examples of changes in CT type and emission wavelength
before and after coordination with electron-rich or electron-deficient ligands, and assigned their CT p@@pe@m@ﬁ%@ﬁ@@ﬁé
CE-CT and CQ-CT mechanisms provide the theoretical foundation both for assigning donor and acceptor roles in
tetracoordinate boron molecules and for interpreting FMO analyses, thereby further assisting in understanding the
luminescent properties of these molecules.

Table 1. Representative examples of changes in CT type and emission wavelength (Aem) before and after coordination with
electron-rich or electron-deficient ligands, and their associated CT processes.

Before  CT type ¢ (m;n; b Ligand/Type After CT type ¢ (1:;:; b C,lg/lszQE__CT Ref.
74a B-n-B 522 F/D 74a DEn-B 567 iCE-CT 165
74b D@ey-n-B 567 F/D T4c D@y—n—D(s) 541 CQ-CT 165
75b Dx—B 550-700 pyridine/A 75a Dm—Awm) 470-530 -NA 166
77a Dw-B 540 —Ph,P=0/A 77b Dm—Awm) 440 -NA 168
78b DB 511 —NMe»/D 78a D-n-D) 382 CQ-CT 170
79a D-—n-A-B 475 —C=0/A 79b D-n—-A@) 620 CE-CT 171
80a D-n-B 540 —NHMe/D 80b D@y -NA CQ-CT 173
gea DDA ags F/D 8b  De-D-A-D-D@ 590 iCE-CT 179

“ The CT type of these compounds was determined based on the FMO distributions. * The emission wavelengths were
measured in solution, annealed film, or powder. ¥ not available.

Since both CE-CT and CQ-CT are caused by the coordination of boron, there could be several prospects and
synergies of combining them: (1) By integrating both mechanisms, one can create materials that respond to multiple
stimuli. For example, a system that exhibits CE-CT under one set of conditions and CQ-CT under another can be
designed to have a more complex and nuanced response profile. This can be particularly useful in creating materials
that can adapt to changing environments, such as in adaptive optics or responsive coatings. (2) Combining CE-CT
and CQ-CT can lead to materials with tunable emission properties. By carefully designing the coordination
environment and the electronic properties of the donor and acceptor moieties, one can achieve a wide range of
emission wavelengths and intensities. This can be applied in the development of multi-color emissive materials for
displays, lighting, and other applications where a broad color gamut is desired. (3) The ability to switch between CE-
CT and CQ-CT can be harnessed to create molecular logic gates. By designing molecules that can respond to multiple
inputs (such as different ligands or environmental conditions) and produce distinct outputs (emission or quenched
states), one can develop complex molecular computing systems. This can pave the way for the next generation of
molecular electronics and nanoscale computing devices.

5.3 Intramolecular dynamic-coordination induced CT

The coordination bond in tetracoordinate boron compounds is usually dynamic, since it can be formed or cleaved in
response to external stimuli, such as temperature, solvent and light. OBCTs can be exploited to construct intramolecular
dynamic-coordination systems due to their flexible design enabling stimuli-responsive properties in OBCTs by modulating
the ICT process upon coordination. 76a with azobenzene photo-switch can be partially converted to the cis isomer 76b
upon irradiation, showing an absorption maximum of 76a at 339 nm while that of 76b is at 460 nm (Figure 27a).'®” Wolf
et al. introduced boron-phosphine oxide Lewis pair systems (77a and 77b) (Figure 27b).'%® The open structure 77a is
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favored in hydrogen-bond-donating (HBD) solvents or at higher temperature, featuring an intense CT fluorescence, while
the closed structure 77b exhibits a 100 nm blue-shifted emission compared to 77a, attributed to Id@m_tli@qggtﬁ%@;“égl@?ﬁ
Introducing mesityl groups on phosphorus impedes the formation of the closed structure due to steric bulk. Subsequently,
this system was applied in biological imaging.'® Analogous to the photo-responsive systems 75a and 76a, dibenzoborole
derivatives 78a and 78¢ undergo B-N coordination-bond cleavage to form 78b and 78d upon photoexcitation (Figure
27¢).!7° This process is termed bond-cleavage-induced intramolecular charge transfer (BICT) and gives rise to dual
emissions, where short-wavelength emissions arise from the LE states of 78a and 78¢ and long-wavelength emissions
originate from the CT states of 78b and 78d. The electron-donating effect of the aryl (Ar) substituent shifts the HOMOs
onto the dibenzoborole rather than the NMe:, thereby enabling the CT transitions in 78b and 78d. In contrast, the
unsubstituted molecule exhibits only a single emission, likely because the CT from NMe: to dibenzoborole is quenched

by nonradiative decay.

Weak or bulky donors and boron acceptors are required to ensure intramolecular dynamic coordination properties.
Wang and coworkers synthesized 79a featuring bulky BMes; and an aldehyde group as a weak donor, which can be
converted to its closed state 79b in a 92% H-O/THF solution (Figure 27d).!”! H.O molecules could interact with the amino
groups in 79a, reducing its donating ability to boron and thus increasing boron’s electrophilicity, while the oxygen atom
of H20 may also interact with the carbonyl group, enhancing its nucleophilicity. Notably, low temperature and grinding
facilitate yielding molecule 79b, resulting in an emission color shift from blue to red. Subsequently, replacing the aldehyde
group with an alkylamino group formed a series of molecules in which the tert-butyl-substituted amino group is responsible
for the proton-solvent-responsive absorption.!”> The proportion of closed-state structure increases in proton solvents,
reducing the long-wavelength absorption band of the open-state structure. If the ligand is too weak or bulky to form
effective coordination bond, there is no dynamic coordination. Stilbene derivative 80a can undergoes B—NH coordination
process and form 80b upon light irradiation, which leads to a blue shift in the 388 nm absorption peak and quenched
fluorescence (Figure 27¢).!” In contrast, molecules with bulkier nitrogen substituents than that of 80a exhibits enhanced
fluorescence upon irradiation due to a transition from trans-ICT to cis-ICT, without formation of coordination bond. These
cis isomers could revert to their trans forms upon heating. Recently, compounds 81a with phosphine oxide group ligand
showed that the So-S: transition of 81a primarily originates from the HOMO on the NMe.-Ph/Mes group to the LUMO+1
localized at oxygen/phenyl groups of the O=PPh: unit as well as the linker Ph unit (Figure 27f).!7* 81a can transform into
81b with a red-shifted absorption in polar solvent. Increasing the temperature also promotes this transformation, showing
a nearly 15.7-fold enhancement in fluorescence intensity from 137 K to 340 K. In addition, grinding 81a powder induces
an 18 nm bathochromic shift, with @pr increasing from 4.0 % to 13.0 %.
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Figure 27. Molecules with intramolecular dynamic coordination under external stimuli.

In addition to dynamic coordination by switching open/closed states, Wang and coworkers reported 82a with
constrained ring systems and an internal dynamic B—N bond (Figure 28).!”> The B—N bond length in 82a (1.80 A) is
longer than the typical B—N bond length (<1.70 A), and its boron atom adopts a nearly sp*-hybridized geometry, indicating
the formation of a loose B—N bond. Crystals of 82a exhibits weak emission at ambient temperature, while the emission
intensity significantly increases as the temperature elevates, due to cleavage of B—N bond to produce 82b. Grinding the
crystals of 82a leads to fluorescent change from blue to green with an increase in emission intensity (Figure 28b). A similar
molecule 83 by changing the substituents on boron and nitrogen exhibited pronounced photochromism upon UV irradiation,
switching from short-lived fluorescence to long-lived phosphorescence.!’® In addition, a range of extended dimeric B/N-
coordinated molecules 84a—84c exhibited different ratios of sp>- and sp3-hybridized boron by varying the number of methyl
substituents on the n-linkers.!”” HOMO of 84a localized on the central diaminophenyl linker, while the LUMO delocalized
over two BMes;. In contrast, HOMO of 84b localized on the tetracoordinated B/N Lewis adduct (sp*-B), while the LUMO
resided on the other Lewis pair unit (sp>-B) (Figure 28c). Although the sp*-B/N dimer 84¢ was non-emissive in solution,
grinding the solid-state material resulted in a substantial increase in PLQY from 2% to 60%, attributed to the cleavage of
B—N bond.
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under external stimuli. b) Photograph showing the temperature increase- and grinding-driven fluorescence change from
the single crystal 82a to 82b.

Similar to the intramolecular dynamic coordination of 79a/79b (Figure 27d), the open state 85a exists in a crystalline
form or in an annealed film and partially transforms into the closed-shell structure 85b upon dissolution or in a cast film,
accompanied by red-shifted absorption (Figure 29).!”® The formation of the B—N bond significantly lowers the LUMO
level from —1.59 eV in 85a to —2.29 eV in 85b, while the HOMO level increases slightly (+0.18 eV). Additionally, the
crystals of 85a change from yellow to dark green upon grinding, likely due to partial formation of 85b. Coordinating boron
atom in OBCTs with electron-rich ligands could also result in red-shifted absorption and emission, as shown in Figure 24c.
Similarly, 86a featuring 1,4-phenazaborine as a weak electron donor, exhibits red-shifted emission when its boron atoms
coordinate with electron-rich fluoride to form molecule 86b.!”° This red shift occurs because the weak B-N donor forms
a stronger F-B—N donor in 86b, enhancing the CT from the nitrogen fragment to the dibenzo[a,j]phenazine (DBPHZ) unit.
Through coordination with anions, 86a-based films achieve tunable photoluminescence ranging from blue to deep red—
NIR region.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc01916h

Open Access Article. Published on 09 May 2025. Downloaded on 5/13/2025 9:31:50 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science Page 32 of 40

View Article Online
B gnndmg/ s DOI: 10.1039/D5SC01916H
_solution™ I-D"N' ;N

v S
B | Tight \
\ crystalline l S \ l
SO|IdS f B

85a 85b
Aabs = 430 nm (in annealed film) Aabs = 577 nm (in CHCI3)

Q O
do  Jp

? nF
86a Mes 86b

Aem = 485 nm (in dioxane) Aem = 590 nm (in dioxane)

o,

/Z

Figure 29. Molecules with red-shifted emission by changing coordination of boron.

6. Conclusions and perspective

Organoboron compounds with flexible molecular design are capable of accommodating various CT processes and
can be utilized to create innovative CT molecules, in which boron's unique coordination ability forms two distinct systems,
three-coordinated and four-coordinated OBCTs. Boron plays a versatile role ranging from an acceptor to a donor—acceptor
regulator in these systems. Herein, this perspective has summarized the booming three- and four- coordinated OBCTs
focusing on several critical aspects: structural design, ICT mechanisms and impact on optoelectronic properties, as well as
the present pros and cons and future development of OBCTs. Designing desired molecules by exploiting CT mechanisms
offers an efficient approach that often leads to remarkable results with less effort. In addition, integrating multiple CT
mechanisms or developing novel ones can significantly boost the performance of OBCTs.

Among the extensively reported tricoordinate OBCTs, D—A OBCTs with triarylboryl acceptors are the most prevalent,
featuring a CT process that is highly dependent on the arrangements and ratios of donors and acceptors. To better
understand and refine the structure-property relationships of D—A OBCTs, it's crucial to carry out further research on extra
D-A arrangements and spatial configurations, and also to modify triarylboryl acceptors by introducing electron-donating
or electron-withdrawing groups for OBCTs. Most D-A OBCTs undergo a twist excited state process, termed as TICT
OBCTs. Flexible TICT OBCTs, featuring freely rotatable single bonds between donors and acceptors, often exhibit dual
emissions derived from LE and TICT states. The long-wavelength TICT emission is sensitive to solvent polarity and the
ratio of TICT to LE can be raised upon cooling. Designing irreversible conversion from LE state to the TICT state has
significant application potential. By incorporating weak intramolecular interactions within the TICT configuration, the
TICT state can be stabilized once formed from LE state, preventing the reverse process. This process enables a gradual
shift from dual emissions to single TICT emission over time, making it ideal for "self-destruct after reading" anti-
counterfeiting technologies. Conversely, the stabilized TICT states which can revert to the LE states upon external stimuli
might possess potential in molecular solar thermal energy storage (MOST).!8% 18! [n addition, TICT OBCTs can achieve
white-light emission or possess multi-stage stimulus-responsive abilities when they are able to undergo further
transformations via proton transfer and other processes. TICT driven intermolecular interactions can lead to light-
controlled supramolecular self-assembly as well, broadening their potential for macroscopic applications. Rigid TICT
OBCTs, featuring restrictively rotatable single bonds between donors and acceptors, can achieve TADF with minimal AEsr.
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However, forbidden transition in these molecules typically results in a low PLQY. Introduction LE contribution into rigid
rticle Online,

TICT OBCTs without altering the rigid twisted structure can be achieved through increased 7t—conjp}gg@'@_n};ﬁ,W AOLS; OT
acceptors, which paves the way for high-performance OLED devices.

Incorporating n-bridge between donors and acceptors forms D——A OBCTs, in which conjugated bridge facilitates
LE transition and amplifies the transition dipole moment, while functional -bridge such as tetraphenylethene, macrocyclic
and pillar[5]arene, or quinoid conjugated motif can impart D-t—A OBCTs with AIE, chiroptical properties, and NIR
emission, respectively. Correspondingly, introducing donor—acceptor CT process can enhance the luminescence properties
of the functional m-bridge. Exploiting azobenzene, spiropyran, or triphenylethylene as photoresponsive functional -
bridges enables the further construction of highly luminescent D-n—A molecular switches and enhances photoreaction
rates. Moreover, introducing extra new functional fragments into D-n—A OBCTs is also worthwhile for presenting
additional properties. D-t—A OBCTs with several LE transitions could exhibit HLCT process, where higher triplet excited
states are involved in the RISC process, resulting in the effective utilization of triplet excitons. Boron atom provides an
optimal HLCT acceptor candidate since they can easily increase LE contributions through combining with & fragments or
heteroatom donors. However, reports on HLCT OBCTs remain scarce, highlighting an untapped area for future exploration.

Boron atom has also been used to design SR-CT molecules. MR-TADF OBCTs utilize the opposite resonance effects
of boron and heteroatom donors in the central phenyl rings, to achieve TADF with narrow FWHM emission which can
further be red-shifted when combined with B-n-B (LE) or LR-CT strategies. Additionally, TSCT OBCTs with parallel
donor—acceptor alignments provide effective coordination, enhance transition dipole moments, and prevent - stacking.
Meanwhile, rigid TSCT OBCTs also support efficient TADF. To break through the limitations of existing CT mechanisms
and realize innovative CT pathways, it is essential to consider detailed factors, such as resonance effects, the geometry of
sp?-hybridized vacant orbitals of boron, and the spatial configuration of molecules during the molecular design. Developing
new CT mechanism of tricoordinate organoboron compounds is challenging, thus combining multiple CT mechanisms
offers an effective strategy to compensate for individual limitations. For instance, designing molecules with medium-range
CT mechanisms'®? can combine the advantages of LR-CT and SR-CT, and alternating donor—acceptor fragments instead
of atoms to emulate MR effects could enable narrow-band emission in the D-n—A OBCTs.

CT of tetracoordinate boron compounds has been less developed compared to their tricoordinate boron counterparts,
which is due to the filled vacant orbitals in the boron atom confusing the internal CT mechanism. Therefore, tetracoordinate
boron OBCTs are typically exploited to be strong electron-withdrawing substituents as acceptor fragments. An in-depth
comprehension of diverse mechanisms of tetracoordinate boron can boost the development of OBCTs. Four-coordinated
OBCTs demonstrate unique electronic mechanisms, including resonance effects (e.g., B-N, B—N) and hyperconjugation,
while boron substituents and chelating ligands can serve as donor and acceptor components to construct TADF molecules.
Our group introduced the CE-CT mechanism, which leverages coordination between boron atoms and electron-deficient
substituents, paired with covalent donor linkages, to enhance electron push—pull effects and amplify molecular donor—
acceptor strengths. In this perspective, we introduce theoretical models of D-n—B, A—n-B, and B-n—B and explore how
coordination affects CT properties based on the CE-CT mechanism. Additionally, dynamic intramolecular coordination

can achieve stimuli-responsive molecular designs.

While studying the CT mechanisms of tetracoordinate boron, it is crucial to explore the role of chelation: (1) resonance
effect could switch the role of donor and acceptor, that is, resonance effect might change a donor to an acceptor, and (2)
how hyperconjugation resulted from various chelation of boron (e. g., functional groups and geometry configuration)
impacts CT. The unique CE-CT induced by tetracoordinate boron allows precise assignment of donor and acceptor
segments in the tetracoordinate OBCTs while boron atom only acts as a regulatory bridge. However, detailed studies of
ligand on impact of CE-CT are essential, as most current tetracoordinate OBCTs exhibit CQ-CT processes, highlighting
the imperative for suitable chelating ligand selection. The CT of pentacoordinate boron system also deserves exploration,
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since it can form a three-center four-electron (3¢-4¢) bond.'®* Additionally, the design concept of tricoordinate boron CT
can be also used for constructing tetracoordinate OBCTs. For example, constructing D—m—A four—cogmim@&eﬁéﬁ}éﬁ%m&
combining various functional fragments endows molecules with new functions. Alternatively, four-coordinated MR-TADF
OBCTs molecules can be designed through CE-CT to achieve highly efficient red and NIR OLEDs. The unique tetrahedral
spatial structure of four-coordinated OBCTs is highly suitable for constructing TSCT molecules by changing substituents
and constructing TADF molecules with small AEst and high PLQYs. By combining three-coordinated and four-
coordinated boron, the CT process can proceed from four-coordinated boron as donor to three-coordinated boron as
acceptor, and the photophysical properties can be further tuned via coordination at the three-coordinated boron.

Not only does the CT mechanism of organoboron compounds and the role played by boron still requires further
research, but the corresponding application scenarios of OBCTs are also deficient. Many studies do not explore the
corresponding application scenarios or devices after investigating the optoelectronic properties induced by CT. If OBCTs
can be used in more practical applications like MR-TADF OLEDs and biological sensing, more attention will be paid to
research on OBCTs.
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