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Recent advances in boron-based
room-temperature phosphorescence materials:
design strategies, mechanisms, and applications
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Boron-based room-temperature phosphorescence (RTP) materials have garnered considerable attention

due to their unique photophysical properties and diverse application potential. Nevertheless, systematic

discussion on the design strategies, excited state control mechanisms, and practical applications of such

molecules remains scarce. This review systematically analyzes the structure—property relationships in
boron-based RTP materials, focusing on the influence of key structural factors such as their coordination
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modes, the number and position of substituents, and the design of host—guest systems. These factors
enable precise control over the phosphorescence lifetime and the emission wavelength of the materials.
Boron-based RTP materials demonstrate promising applications particularly in anti-counterfeiting, light-

emitting displays, and biological imaging. Moreover, this review outlines future research directions and

rsc.li/frontiers-materials

1. Introduction

Room-temperature phosphorescence (RTP) materials demon-
strate diverse application potential in anti-counterfeiting, light-
emitting displays, and biological imaging owing to their long
luminescence lifetimes and large Stokes shifts." ™" Conventional
phosphorescent materials, which predominantly rely on noble
metal complexes, exhibit excellent luminescent properties. How-
ever, their high cost and environmental toxicity hinder large-scale
applications.'” Consequently, the design and synthesis of high-
performance, eco-stable, and environmentally benign pure
organic RTP materials have become a prominent research prior-
ity in contemporary materials science.**

In purely organic systems, achieving RTP emission remains a
major challenge due to the inherently weak spin-orbit coupling
(SOCQ), spin constraints during the S; — T; transition, and the
substantial energy gap between singlet and triplet states
(AEgr)."®™® These factors collectively cause inefficient intersys-
tem crossing (ISC).'® To overcome these limitations, researchers
have developed strategies to enhance SOC and modulate the ISC
process,"*°* including (i) the introduction of heavy atoms>*
(e.g., Br and I) and heteroatoms®*® (e.g., O, S, and B) and (ii)
implementation of crystal engineering,> polymerization,***°>>
and host-guest doping systems.>**” These approaches effectively
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challenges, offering a theoretical foundation for the development of novel RTP materials.

suppress non-radiative decay pathways of triplet excitons, thereby
enhancing phosphorescence performance.

The empty p-orbital in boron-based compounds interacts
with m-systems to enhance SOC and improve ISC efficiency, thereby
generating abundant triplet excitons. Boron-based RTP materials
can be broadly categorized into two structural classes: three-
coordinate (sp”) and four-coordinate (sp®) boron complexes.*®?°
In three-coordinate boron systems, the empty p-orbital acts as a
strong electron acceptor that conjugates with electron donors to
form donor-acceptor (D-A) structures.*®*" This structural arrange-
ment promotes efficient intramolecular charge transfer (ICT) and
markedly improves ISC efficiency. Four-coordinate boron com-
pounds effectively suppress vibrational/rotational motions, thereby
stabilizing triplet excitons.*®*>** Both structural motifs impart
excellent RTP properties while enabling precise control over
emission color, lifetime, and environmental responsiveness via
molecular design, host-guest interactions, and polymeric rigid
environments (Fig. 1). Despite substantial progress in develop-
ing three- and four-coordinate boron-based RTP materials,
current research lacks comprehensive reviews that systemati-
cally examine their molecular design strategies, excited-state
regulation mechanisms, and practical applications.

This review examines advances in the molecular design and
performance optimization of boron-containing organic RTP
materials. We first analyze how boron coordination modes
regulate excited states, electronic structures, and molecular rigid-
ity and comprehensively evaluate the impact of different boron
coordination structures on RTP performance. This review further
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Fig. 1 (a) Boron-based room temperature phosphorescent materials; (b) strategies of molecular design, including the (o, B p) — (r, B p) transition
mechanism in three-coordinate boron systems, heavy atom introduction, and donor—acceptor system design to facilitate ISC and stabilize triplet states;
(c) strategies for room-temperature phosphorescence efficiency enhancement, such as crystal engineering, host—guest doping, and suppression of non-

radiative decay via rigidification.

compares three-coordinate and four-coordinate boron systems in
terms of luminescence efficiency, lifetime, phosphorescence
mechanisms, and practical applications.

2. Boron-based RTP materials

This study systematically elaborates on two categories of boron-
based RTP materials: three-coordinate and four-coordinate sys-
tems. In the three-coordinate system, we initiated with simple
boric acid and progressively expanded to phenylboronic acid
and triarylborane systems, effectively regulating phosphores-
cence performance through the introduction of charge transfer
(CT) effects. The four-coordinate system is based on the difluoro-
boron-B-diketonate framework, where structural modifications

were implemented through a dual strategy: on the one hand,
various substituents were introduced at both sides of the frame-
work. On the other hand, the coordinating oxygen atoms were
replaced with nitrogen, sulfur, or carbon atoms possessing lower
electronegativity, thereby constructing four-coordinate boron-
based phosphorescence materials with rich structural diversity.
These molecular design strategies not only expand the structural
diversity of boron-based phosphorescent materials but also pro-
vide crucial pathways for achieving highly efficient and long-
lived RTP.

2.1 Three-coordinate boron RTP materials

In three-coordinate boron RTP materials, the boron (B) atoms
typically adopt sp> hybridization, forming ¢ bonds with three
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substituents while maintaining an empty p, orbital. This
electron-deficient characteristic makes three-coordinate boron
atoms strong electron acceptors. The empty p, orbital effec-
tively stabilizes the lowest unoccupied molecular orbital
(LUMO) of the boron-based compounds, enhancing their elec-
tron affinity and facilitating electron transfer between the
boron center and surrounding substituents. This section will
explore the influence of different substituents on the perfor-
mance of three-coordinate boron RTP materials.

2.1.1 Boric acid. Boric acid (BA), a metal-free and carbon-
free boron-based compound, is structurally characterized by
the hydroxyl substitution of three hydrogen atoms in borane.
This distinctive structural modification endows it with remark-
able advantages in room-temperature phosphorescence (RTP)
performance, including the extended phosphorescence lifetime
and enhanced quantum yield.** Regarding the luminescence
mechanism of BA’s RTP, three primary viewpoints prevail in
academia: first, the cluster-triggered emission (CTE) mecha-
nism achieved through weak through-space conjugation of
oxygen n-electrons;*® second, the discovery that B-O-O-B
impurities present in commercial BA samples undergo O-O
bond cleavage under photoexcitation to form B-O free radicals,
thereby generating RTP with a lifetime of approximately 1 s;***”
third, the confirmation that thermally induced defects can
initiate millisecond-scale phosphorescence.?”” Notably, while
pure BA itself lacks intrinsic phosphorescent properties,*® its
unique rigid structure and dense hydrogen-bonding network
make it an ideal host material for constructing highly efficient
doped RTP fluorescent systems (Fig. 2).

BA functions as an efficient host material in RTP doping
systems, demonstrating several distinctive advantages. Firstly, its
pyrolysis product, boron trioxide (B,Oj3), forms a rigid environ-
ment that effectively suppresses non-radiative quenching of
triplet excitons. Secondly, the highly cross-linked structure of
B,03, composed of triangular BO; units connected by oxygen
bridges, provides anchoring sites for fluorescent dopants, further
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Fig. 2 Host (BA)—guest (Lev/BADs/NADs/NAI) system proposed mecha-
nism for RTP material formation. Reproduced with permission from ref. 55.
Copyright 2024 Advanced Functional Materials.
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inhibiting non-radiative transitions and enhancing RTP
performance.”' These favorable properties have prompted
extensive research on BA-doped RTP materials. For instance,
Tang et al. developed a highly efficient system by embedding
levofloxacin (Lev) in a BA matrix. The resulting complex exhibited
exceptional luminescence properties with a photoluminescence
quantum yield of 63.8% and a lifetime of 0.74 s, representing an
approximately 50% quantum yield enhancement compared to
undoped Lev. This performance improvement can be attributed
to three key factors: (i) the BA matrix’s confinement effect
stabilizing triplet excitons, (ii) B-C bond formation activating
radiative decay, and (iii) oxygen isolation preventing environmen-
tal quenching.”

Our research group employed a similar strategy to incorpo-
rate benzoic acid derivatives (BADs) into a BA matrix, success-
fully preparing a series of BA-based composites (BADS@BA).
These composites exhibited significantly enhanced phosphor-
escence quantum yield (®p) compared to the host material.
Notably, IPA@BA demonstrated a @p of 38.23%, while TPA@BA
achieved 68.73% with an exceptionally long phosphorescence
lifetime.>® Subsequently, we expanded this system by embed-
ding naphthoic acid derivatives (NADs) into the BA matrix,
synthesizing NADs@BA composites. Among these, 1-hydroxy-2-
naphthoic acid (1H2NA)@BA exhibited remarkable perfor-
mance with a lifetime reaching 1.7 s and demonstrated low-
concentration doping luminescence capability.”*

Lin et al. employed BA as a host matrix to develop NAI/BO
composites through host-guest doping with 2,3-naphthalimide
(NAI). The resulting material exhibited exceptional RTP proper-
ties, achieving organic long-persistent luminescence (OLPL)
persistence for up to 180 minutes. Notably, by modifying the
guest molecules, the researchers successfully tuned the OLPL
emission color from green to orange-red, demonstrating the
system’s remarkable versatility in optical modulation.>® It is
important to clarify that long persistent luminescence (LPL) is a
phenomenon in which light energy is pre-stored and slowly
released through long-term afterglow emission. Although the
light generation mechanism differs from that of conventional
RTP, the emission still originates from the radiative transition
of triplet excitons. Therefore, in this study, it is still categorized
within the realm of phosphorescence emission.””

These superior material properties originate from the BA
matrix’s unique network structure, which effectively disperses
and immobilizes luminescent molecules through single-molecule
confinement. This spatial confinement effect creates an ideal
platform for achieving highly efficient single-molecule RTP.

2.1.2  Phenylboronic acids, phenylboronic esters, and their
derivatives. Pure boric acid (B(OH)s3) exhibits no intrinsic RTP
properties and is rarely utilized as a standalone luminescent
material. However, strategic structural modifications can confer
RTP activity. Specifically, replacing one hydroxyl group with a
benzene ring or its derivatives introduces two key features: (i) a
pronounced charge transfer effect and (ii) p-n conjugation
between the aromatic m-electrons and boron’s empty p-orbital.
These modifications optimize the singlet-triplet energy level
arrangement and improve ISC efficiency. Therefore, it is possible
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Table 1 Photophysical properties of phenylboronic acids, phenylboronic esters, and their derivatives

Sample Environment Ap [nm] g [ns] Jp [nm] 7p [ms] Dp [%)] PLQY [%] Ref.
1 Crystal 322¢ 4.9 x 10%? 482 1200 — 18 58
2 Crystal 329¢ 3.5 x 10%? 494 950 — 66 58
2 5 wt% in CA — — 406 5080 16.1 — 61
3 Crystal 3707 9.2 x 10°%? 488 1700 — 53 58
4 Crystal 339¢ 1.2 x 10%° 498 250 — 10 58
5 Crystal 331¢ — 501 180 — 7.3 58
6 Crystal 558 — 558 16 — 0.92 58
7 Crystal 331° 5.510% 503 1600 — 77 58
8 Crystal — — 483 713 — — 59
9 Crystal — — 488 2240 — — 59
10 Crystal — — 506 1110 — — 59
11 Crystal — — 493 129 — — 59
12 Crystal — — 492 1280 — — 59
13 In PVA 368 — 428 730 — — 60
14 In PVA 360 — 468 2240 11.2 — 60
15 In PVA 334 — 476 220 — — 60
16 0.167 wt% in PVA1977 369 8.7 520 900 10.67 — 62
17 In PVA1977 — — — — — — 62
18 In PVA1977 — — — — — — 62
19 1 mol% in y-CD 340 — 440 310 — 6.1 63
20 0.3 mol% in y-CD 372 — 470 4650 32.8° 38.6° 63
21 1 mol% in y-CD 357 — 510 220 — 4.7 63
22 1 mol% in y-CD 336 — 535 720 — 22.2 63
23 1 mol% in y-CD 396 — 605 140 — 46.2 63
24 Crystal-YG 335 8.07 511 0.011 0.48 — 64
24 Crystal-C 335 7.62 463 0.009 0.95 — 64
24 Crystal-B 335 7.80 434 0.005 0.62 — 64
25 In THF 374 6.65 — — 0.26 67
25 Crystal 366 8.65 553 0.21 — 0.33 67
26 In THF 364 7.88 — — 0.43 67
26 Crystal 367 8.91 550 7.2 — 0.37 67
27 In THF 348 6.74 — — 0.47 67
27 Crystal 368 9.69 553 264 — 0.42 67
28 In THF 363 8.75 — — — 0.39 67
28 Crystal 370 8.44 545 430 — 0.38 67
29 In THF 363 6.81 — — — 0.22 67
29 Crystal 366 8.11 525 0.01 — 0.44 67
30 Crystal (n-30) 490, 520 — 530 61 — 3.0 68
30 Crystal (c-30) 420, 450, 490, 520 — 525 15 — 1.0 68
31 Crystal 520 — — — — 0.6 68

“ Delayed fluorescence emission wavelength. ? Average delayed fluorescence lifetime. ¢ The @, and PLQY with photo-activation. Abbreviations:

PVA: polyvinyl alcohol, CA: cyanuric acid, and y-CD: y-cyclodextrin.

to develop RTP materials from phenylboronic acid and its ester
derivatives. Table 1 shows the key photophysical parameters of
the compounds in order of discussion: maximum wavelengths of
fluorescence (/r) and phosphorescence (1p), lifetimes (t¢ and p),
and both phosphorescence and photoluminescence quantum
yields (®p and PLQY).

Yuasa et al. made significant breakthroughs in crystallo-
graphic studies of phenylboronic acid 1 (Fig. 3) and its deriva-
tives (2-7), demonstrating their remarkable RTP properties.
Their research revealed that crystal 1 exhibits distinct blue
phosphorescence (482 nm) at room temperature with an
extended lifetime of 1.2 s.°® Building upon these findings, Li
et al. employed an electron-donating substitution strategy to
further optimize the system’s performance. By introducing
methoxy groups at the para position, they synthesized (4-
methoxyphenyl)boronic acid (9) and its derivatives (8 and 10-
12), whose crystals demonstrated exceptional phosphorescence
properties, including (i) a remarkable lifetime of 2.24 s (among
the highest reported for single-component organic small
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Fig. 3 Phenylboronic acid and its derivatives (compounds 1, 2, and 8—-24).

3248 | Mater. Chem. Front., 2025, 9, 3245-3263 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025


https://doi.org/10.1039/d5qm00513b

Published on 18 rugsjo 2025. Downloaded on 2026-06-12 06:36:24.

Materials Chemistry Frontiers

molecules at that time) and (ii) blue-green phosphorescence
emission.>® Nevertheless, these materials still face key chal-
lenges, particularly the limited phosphorescent color tunability
and the difficulty in simultaneously enhancing both quantum
yield and lifetime. To address these limitations, Yu et al
developed an innovative approach by doping amino-substituted
phenylboronic acid (13-15) into a hydroxyl-rich polyvinyl alcohol
(PVA) matrix. Their study revealed that the multiple hydrogen-
bond network formed between meta-substituted 3-aminophenyl-
boronic acid (14) and PVA effectively suppresses non-radiative
transitions of triplet excitons, achieving a remarkable phosphor-
escence lifetime of 2.24 s and a @p of 11.2%. Furthermore, through
Forster resonance energy transfer (FRET) mechanisms and co-
doping with fluorescent dyes, they successfully tuned the RTP
emission from green to orange, overcoming the color limitation of
conventional RTP materials.’® Chen et al. advanced this host-guest
doping strategy by constructing a novel hydrogen-bond network
using 1,4-benzene-diboronic acid (2) and cyanuric acid (CA).
This system established a record phosphorescence lifetime of
5.08 s for organic small molecules at that time. By precisely
controlling the hydrogen-bond network density, they signifi-
cantly enhanced the ¢p from 16.1% to 37.6%, demonstrating
simultaneous optimization of both phosphorescence efficiency
and lifetime.®" These studies not only elucidate the crucial role
of hydrogen-bond networks in stabilizing triplet excitons but
also establish effective design strategies for high-performance,
color-tunable organic RTP materials.

In recent years, polycyclic aromatic hydrocarbon (PAH) sys-
tems have garnered significant attention in RTP research due to
their unique electronic structures and luminescence properties.
Compared to benzene derivatives, PAH’s rigid frameworks and
extended m-conjugated systems more effectively suppress non-
radiative transitions, substantially enhancing phosphorescence
performance. Chen et al. demonstrated that 9-phenanthrenyl-
boronic acid (16) and its derivatives (17 and 18) doped in PVA
matrices exhibit excellent phosphorescence under 405 nm excita-
tion, achieving @p = 10.67% with 7p = 0.9 5.°”> Ma et al. advanced
this field through molecular design, synthesizing various polycyclic
BA derivatives (19-23). Notably, 2-triphenylenylboronic acid
demonstrates excellent performance through host-guest interac-
tions and hydrogen-bond networks, simultaneously realizing an
ultra-long 7p = 4.65 s and a high &, = 32.8% under ambient
conditions, and surpassing most reported organic RTP materials.®®
These studies establish crucial design principles for developing
high-efficiency, long-lifetime phosphorescent materials.

In the study of diarylboronic acid systems, Pan et al. success-
fully prepared three crystalline polymorphs (crystal-YG, crystal-C,
and crystal-B) by introducing two aromatic rings onto the boron
atom (24). Through systematic investigation of the structural
characteristics of these different polymorphs, they discovered
that all these materials could achieve microsecond-scale RTP
emission.®® These studies have established important design
principles for developing high-efficiency, long-lifetime phosphor-
escent materials.

Phenylboronic acid derivative-based RTP materials have
attracted considerable interest in optoelectronics due to their

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 3245-3263
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tunable photophysical properties. However, significant changes
in phosphorescence characteristics occur when the BA hydroxyl
groups (-B(OH),) are substituted with alkoxy groups to form
borate esters (-B(OR),), a phenomenon that has attracted wide-
spread research attention.

Fukushima et al. first reported excellent RTP properties in
phenylboronate compounds.®® However, subsequent research
by Hudson et al. revealed that the observed RTP phenomenon
was actually induced by trace impurities rather than being an
intrinsic property of phenylboronates themselves. After rigor-
ous purification, the RTP characteristics of phenylboronates
completely disappeared, while controlled doping could repro-
duce long-lived afterglow.°® This finding emphasizes the
importance of material purification in photophysical research.
This contrast primarily stems from altered intermolecular
interactions: the hydroxyl groups in phenylboronic acids form
extensive hydrogen-bond networks that effectively stabilize
triplet excitons and suppress non-radiative transitions, thereby
enhancing phosphorescence. In contrast, alkoxy substitution in
phenylboronic esters disrupts these hydrogen-bond networks,
markedly reducing triplet exciton stabilization. Despite these
challenges, recent advances show that strategic molecular
design and host-guest doping approaches can enable efficient
RTP emission in borate ester systems.

In 2017, Yuasa et al. made significant breakthroughs in the
study of phenylboronic acid derivatives. By employing cyclic
boronic esterification methods and introducing halogen atoms
(F, Cl, Br, and I) at the para-position of the molecules, they
successfully prepared materials exhibiting long-lived room-
temperature phosphorescence (RTP). The study revealed that as
the atomic number of halogens increased, the phosphorescence
lifetime gradually decreased, validating that the heavy atom effect
can effectively promote the intersystem crossing process. Parti-
cularly noteworthy was their development of diboronic ester
compound 7 (Fig. 4), which demonstrated an extended phos-
phorescence lifetime of 1.6 s.>® Subsequently, Yang et al. further
expanded this system. Using 4-(carbazol-9-yl)phenylboronic acid
as the foundation, they prepared a series of novel derivatives
through cyclic esterification reactions with various diols (25-29).
Among these, compounds 28 and 29 showed particularly
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Fig. 4 Phenylboronic esters and their derivatives (compounds 3-7 and
25-31).
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outstanding performance, achieving phosphorescence lifetimes
of 264 ms and 430 ms, respectively.®” This research demonstrated
that even without relying on traditional hydrogen-bonding net-
works, efficient triplet exciton stabilization can still be achieved
through rational cyclic boronic esterification design and electron-
donating group modifications.

Building upon cyclic boron esterification strategies, Yu et al.
achieved a breakthrough in molecular design by precisely
controlling the lone pair electron configuration and empty
orbital arrangement of boron to regulate RTP performance.
Their study revealed that para-substituted 30 exhibited strong
RTP emission (tp = 61 ms) resulting from the spatial separation
of lone pair of electrons and empty orbitals. In contrast, ortho-
substituted 31 showed phosphorescence quenching due to
orbital coupling. Furthermore, through controlled rotation of
the borate ester groups, the team successfully achieved both
polycrystalline dependent RTP modulation and temperature-
responsive luminescence.®®

Early studies generally considered simple BA structures
unsuitable as ideal phosphorescent hosts due to their lack of
effective luminescent groups and stable triplet energy levels.
However, subsequent research demonstrated that aromatic-
substituted phenylboronic acids, their esters, and derivatives
exhibit remarkable RTP properties. These materials enhance
ISC efficiency through synergistic effects between aromatic

Table 2 Photophysical properties of triarylboranes and their derivatives

View Article Online
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n-conjugation and boron’s empty p-orbitals, while simulta-
neously stabilizing triplet excitons via intermolecular interac-
tions. In-depth research studies have revealed that precise
structural modifications and hydrogen-bond network optimiza-
tion enable accurate control of phosphorescence performance.
These systematic studies not only elucidate the unique phosphor-
escence mechanisms in phenylboronic acid systems, challenging
conventional understanding of pure organic phosphorescent
materials, but also establish crucial design principles and theore-
tical foundations for developing novel RTP materials.

2.1.3 Triarylboranes and their derivatives. Based on the
excellent properties of phenylboronic acids and their ester deri-
vatives, researchers have expanded research studies to triarylbor-
anes and related compounds with unique electronic structures.
Studies demonstrate that triarylboranes exhibit pronounced CT
effects through the introduction of three phenyl groups, which
effectively modulate the AEsy and induce RTP characteristics.
Table 2 shows the key photophysical parameters of the com-
pounds in order of discussion: maximum wavelengths of fluores-
cence (4¢) and phosphorescence (1p), lifetimes (z and 7p), and
both phosphorescence and photoluminescence quantum yields
(®p and PLQY).

In 2020, Marder et al. reported triarylborane compounds (32-35),
among which compounds 32 and 34 without lone electron of
pairs exhibit sustained green RTP with ¢ = 480-680 ms. This

Sample Environment Jr [nm] 7r [ns] Jp [nm] 7p [ms] Pp [%] PLQY [%] Ref.
32 Crystal 369 — 524 680 0.3 — 69
33 Crystal 369 — — — — — 69
34 Crystal 371, 390 540, 575 480 1.2 — 69
35 Crystal 381 — — — — — 69
36 0.1 wt% in PMMA 525 12.5 610 420 — 28 70
36 10 wt% in PMMA — — — 760 — 11 70
37 0.1 wt% in PMMA 445, 470 8.5 530 930 — 44 70
37 10 wt% in PMMA — — — 3190 — 36 70
38 Crystal — 3.2 446, 477 234 1.3 1.5

517, 562 71
39 Crystal 374 6.0 506, 539 64 3.1 3.8 71
40 Crystal 386 2.9 547 378 2.0 4.4 71
41 Crystal — — 513 — 45.0 — 72
41 Ground powder — — 518 — 36.0 — 72
41 Drop-cast film — — 545 — 22.0 — 72
42 0.5 wt% in PMMA 438 5.81 478 180 6.83 — 73
43 0.5 wt% in PMMA 439 7.07 475 110 8.88 — 73
44 0.5 wt% in PMMA 420 3.64 472 730 8.99 — 73
45 0.5 wt% in PMMA 427 4.07 521 1120 5.45 — 73
46 0.5 wt% in PMMA 429 4.57 510 1400 7.94 73
47 0.5 wt% in PMMA 510 16.19 — — — — 74
47 Powder 490 17.8 — — — — 74
48 0.5 wt% in PMMA 455° 5.70 550 410 9.54 74
48 Powder 455 7.66 — — — — 74
48 1.0 wt% in PMMA 450 5.3 580 168 — 76.7 75
49 1.0 wt% in PMMA — — 550 129 — 88.5 75
50 Crystal 495 5.7 5357 2320 — — 76
51 Crystal 430 7.1 276 96 — 16.3 77
52 Crystal 455 3.26 466/539 125/136 — 5.9 77
53 Crystal 423 1.03 — — — — 77
54 Solid® 515 4.03 539 154.66 — 5.1 78
54 Solid? 508 5.05 504/529 176.3/185.6 — 31 78

“ Delayed fluorescence wavelengths. ” Open-chain radical structure of MIBNM. ¢ 54 exposed to HCL. ? 54 exposed to HCI followed by NH;.

Abbreviation: PMMA: poly(methyl methacrylate).
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discovery challenged conventional design principles for organic
RTP materials, which typically rely on (n, n*) transitions of lone
pair electrons (e.g., N and O) to facilitate ISC. Their study
revealed that triarylboranes promote ISC through unique
(c,B p) — (m,B p) transitions to achieve RTP.%° Building on this
work, Wagner et al. developed derivatives based on the 9,10-
dimesityl-dihydro-9,10-diboraanthracene (DBA) framework doped
in PMMA matrices. The 37 (Fig. 5) derivative showed exceptional
afterglow (tp = 3.2 s), while 36 exhibited persistent red phosphor-
escence. This binary boron system creates a strong electron-
accepting center that (i) significantly lowers LUMO energy levels,
(ii) enhances electron affinity, and (iii) strengthens SOC to promote
efficient ISC.”° Despite these advances, triarylborane systems
typically show low @p. Marder et al. found that direct bromination
of the triarylborane skeleton (38-40)"" yielded minimal RTP
improvement, indicating that the heavy-atom effect alone is
insufficient. Subsequently, Zhao et al. combined bromination with
a twisted biphenyl skeleton and B-N CT effects (41) to suppress
non-radiative transitions, achieving ®» = 36% in powder form,
though color tunability remains limited.”>

Based on the previously discussed B-N CT effects, our group
successfully synthesized a series of aminoborane (BN) deriva-
tives 42-46 (Fig. 6) through para-position dimethyl amino
group incorporation into triarylboranes. In these systems, the
triarylborane moiety functioned as an electron acceptor, while
various push-pull substituents enabled precise control over the
materials’ optoelectronic properties. These materials demon-
strated high @; (reaching 17.34% for the 42@PMMA film) in a
nitrogen atmosphere, multicolor tunability, and excellent water
resistance through photoactivation mechanisms.””> We subse-
quently developed BN-based positional isomers (47 and 48),
where the isomeric configuration of the BN group effectively
modulated both ICT intensity and the AEgr, thereby achieving
precise luminescence color regulation.”*

Similarly, Chandrasekhar et al. developed regioisomers (48
and 49) by strategically positioning triarylborane acceptors and
dimethylamino donors at distinct sites on the naphthalene
skeleton. These compounds exhibit dual-mode delayed fluores-
cence and RTP emission. Notably, compound 48 in the 1 wt%
PMMA film shows reversible pH-responsive single-molecule

g tﬁf
00
E Y E9

@@ P E S
goig  Soind
> A g

Fig. 5 Triarylboranes and their derivatives (I) (compounds 32—41).
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Fig. 6 Triarylboranes and their derivatives (I) (compounds 42-54).

phosphorescence, with emission wavelengths switching between
orange (580 nm) and green (550 nm).”> This stimuli-responsive
behavior, achieved through precise control of molecular confor-
mation and intermolecular interactions, highlights its potential
for advanced anti-counterfeiting applications.

The dynamic reversible B/N Lewis acid-base pair system
exhibits unique phosphorescence “on-off” switching behavior,
as demonstrated by Chen et al. in their innovative M1BNM (50)
system. Crystal 50 initially displays only short-lived fluorescence,
but ultraviolet irradiation induces reversible cleavage of the B-N
coordination bond, generating an open-chain radical structure
that significantly enhances ISC efficiency and activates RTP
emission.”® Li et al. designed a planar oxy-bridged triarylboron
compound (51-53) and introduced a bromine atom as a heavy
atom to enhance the SOC effect, significantly improving its room-
temperature phosphorescence performance.”” On this basis, they
further utilized the molecule as a Lewis acid and combined it
with the pyridine-containing Lewis base N,N-diphenyl-4-(pyridin-
4-yl)aniline (TPAPy) through dynamic B-N coordination bonds
(54), successfully achieving reversible control over the room
temperature phosphorescence behavior: the formation of the
B-N bond “turns off”” the phosphorescence, while its dissociation
under acid stimulation “releases” the original luminescent mole-
cule, restoring phosphorescence emission.”® These studies suc-
cessfully extend the application of dynamic covalent chemistry to
phosphorescent materials.

These remarkable properties originate from the triarylborane
structure where the boron is surrounded by three aromatic rings,
forming a highly delocalized n-conjugated system. This unique
configuration significantly enhances the ICT effect while improv-
ing stability through interactions between boron’s empty p-orbital
and the aromatic n-system. Researchers have successfully devel-
oped high-performance RTP materials through strategic molecular
design approaches including precise aromatic ring substituent
modulation, variation of boron’s numbers, introduction of poly-
cyclic aromatic systems, and formation of D-A structures.

Three-coordinate boron RTP materials have garnered signifi-
cant attention in the RTP field owing to their distinctive electro-
nic structures and tunable optical properties. As prototypical
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electron acceptors, three-coordinate boron atoms (e.g., triarylbor-
anes) interact with n-conjugated systems through their empty p-
orbitals, which not only facilitate efficient ICT but also substan-
tially enhance SOC, thereby markedly improving ISC efficiency
and enabling effective utilization of triplet excitons. Molecular
design strategies have led to breakthroughs in optimizing the
lifetime, quantum yield, and color tunability of these materials.
Studies demonstrate that incorporating rigid molecular frame-
works and constructing intermolecular interaction networks can
further enhance environmental stability and luminescence perfor-
mance. With ongoing innovations in molecular design approaches,
three-coordinate boron RTP materials show promising potential for
broader applications in smart responsive materials and bioimaging
fields.

2.2 Four-coordinate boron compounds

Four-coordinate compounds have shown significant value in
the field of luminescent materials due to their unique electro-
nic structure. The central boron of this type of compound is sp*
hybridized, thus forming a tetrahedral configuration. Com-
pared with three-coordinate boron, the occupation of its p,
orbital leads to a reduced electron acceptability, but it still
retains certain electron-deficient characteristics. This special
electronic structure makes it a key building block for the design
of RTP materials.

Among various organic boron luminescent groups, the
boron difluoride (BF,) functional group has gained considerable
attention due to its outstanding performance.’*”**® The difluor-
oboron B-diketonate complex, in particular, has emerged as one
of the most widely used four-coordinate boron fluorescent dye
systems owing to its large molar absorption coefficient and high
fluorescence quantum yield.*'~°° Researchers have developed
diverse four-coordinate boron complex systems by coordinating
BF, with different heteroatoms. Through precise modulation of
coordination atom electronegativity and substituent structures,
the RTP properties of these materials can be finely tuned,
providing valuable design principles for novel luminescent mate-
rial development.

2.2.1 Difluoroboron f-diketonate derivatives. Difluoroboron
B-diketonate derivatives have garnered significant research interest
owing to their exceptional optical properties. These compounds
are typically synthesized through Suzuki-Miyaura coupling reac-
tions followed by cascade transformations involving aromatic
ketones, carboxylic acids, trifluoroacetic anhydride, and boron
trifluoride diethyl ether.”® Table 3 shows the key photophysical
parameters of the compounds in order of discussion: maximum
wavelengths of fluorescence (1r) and phosphorescence (1p), life-
times (g and 7p), and both phosphorescence and photolumines-
cence quantum yields (@p and PLQY).

In 2007, Fraser et al. achieved a significant breakthrough by
developing hydroxyl-functionalized difluoroboron dibenzoyl-
methane 55 (Fig. 7) as an initiator for synthesizing end-
functionalized 56 via lactide ring-opening polymerization. Their
study revealed that this material exhibits RTP characteristics
with a lifetime of 0.17 s in the absence of oxygen, demonstrating
metal-free phosphorescence emission at room temperature. The

View Article Online

Materials Chemistry Frontiers

56 system achieves efficient RTP solely through the polymer
matrix’s rigid confinement effect, which effectively suppresses
non-radiative transitions of triplet excitons.’>

Building upon these findings, researchers systematically
modified difluoroboron B-diketonate derivatives to investigate
the structure-RTP performance relationship. Xiao et al. main-
tained the core difluoroboron B-diketonate structure while
introducing simple phenyl and methyl substituents without
strong electron-donating/withdrawing groups, yet still observed
RTP emission. Their study revealed that different solvent
systems yielded two distinct crystal forms: yellow crystals
(57-YG) from dichloromethane showed 7p = 25.3 ms, while blue
crystals (57-B) from n-hexane displayed much shorter tp =
92.4 ps. Single-crystal X-ray analysis demonstrated that
although both crystals shared similar molecular configurations
and packing modes, 57-YG’s stronger intermolecular interac-
tions more effectively suppressed triplet exciton non-radiative
decay, resulting in extended phosphorescence.”® This work
establishes that even minimal structural modifications can
achieve superior phosphorescence through precise control of
molecular packing, where subtle changes in intermolecular
interactions may profoundly influence RTP performance.

In other studies, Wen et al. pursued an alternative approach
by incorporating alkanol hydroxyl groups onto phenyl rings
(58). By doping these derivatives in polystyrene (PS)/polyiso-
prene (PI) blends or PS-PI-PS(SIS) block copolymers, they
achieved long-lived phosphorescence with 7p = 310 ms and
630 ms, respectively. In this system, the PS matrix provides
rigidity, while PI components function as oxygen barriers, with
their synergistic effect effectively suppressing triplet exciton
non-radiative transitions.’*

Investigating heavy atom effects on phosphorescence prop-
erties, Ikeda et al. introduced iodine onto the phenyl group of
the skeleton and observed that this derivative (59) displayed
RTP characteristics exclusively in the crystalline state, exhibit-
ing a phosphorescence lifetime of 1.3 ms.”” These findings
clearly demonstrate that while heavy atom incorporation
enhances spin-orbit coupling (SOC), achieving efficient phos-
phorescence emission still necessitates a well-ordered molecu-
lar packing environment. Fraser et al. incorporated both phenyl
and naphthalene groups into the difluoroboron B-diketonate
framework (60-63) and systematically investigated how bro-
mine substitution positions influence phosphorescence perfor-
mance. Their comprehensive studies revealed that bromine
substitution on the primary naphthalene moiety exerted the
most pronounced effect on the emission lifetime. Surprisingly,
the unsubstituted compound achieved an exceptionally long
lifetime of 813 ms, whereas brominated derivatives showed
substantially reduced lifetimes.”® This initially counterintuitive
observation can be rationalized by considering the dual role of
bromine: while they indeed facilitate ISC through enhanced
SOC, they simultaneously promote non-radiative decay path-
ways for triplet excitons, with the net result being an overall
reduction in the observed phosphorescence lifetime.

In studies of unilateral modification systems, Fraser et al.
demonstrated that RTP properties could be achieved through
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Table 3 Photophysical properties of difluoroboron B-diketonate derivatives
Sample Environment Ap [nm] 75 (ns) Jp [nm] Tp [ms] Pp [%) PLQY [%] Ref.
55 Crystal 540 8.9 — — — — 92
56 Film 440 1.2 509 170“ — — 92
57 Crystal® 455 — — 0.0924 14.1 28.1 93
57 Crystal® 521 — 530 25.3 — 39.1 93
58 1 wt% in PS 410 — — — — — 94
58 In PI — — — — — — 94
58 5 wt% in PS and PI 443 — 500 310 - - 94
58 0.1 wt% in SIS 410 3.37 500 630 12.9 — 94
59 Crystal 460 4.0 527 1.3 — 25.0 95
60 1.3 Wt% in PLA 444 3.29 541 813 - - 9%
61 1.3 Wt% in PLA 437 0.78 554 13.6 — — 9%
62 1.3 wWt% in PLA 449 2.52 544 341 — — 9%
63 1.3 Wt% in PLA 448 0.75 561 12.9 — — 9%
64 1 Wt% in PLA 389 0.5 489 255 — — 97
65 1 Wt% in PLA 438 5.09 543 270 — — 97
66 1 Wt% in PLA 438 2.75 567 295 — — 97
67 1 wt% in PLA 420 3.34 452 113 — — 97
68 0.1 wt% in PhB powder 437 — 4214 302.67 — 16.5 98
483° 328.6°
69 0.1 wt% in PhB powder 432 — 4214 278.2¢ — 9.4 98
474° 297.9°
70 0.1 wt% in PhB powder 434 — 424¢ 180.1¢ — 12.4 98
465° 286.2¢
71 1 wt% in SCS 455 — 523 151.8 — 3.09 99
72 0.5 wt% in SCS 459 — 533 260 — 3.12 99
73 0.5 wt% in SCS 442 — 525 265.2 — 3.21 99
74 0.001 wt% in PhB 463 — 463 199" — — 91
75 0.01 wt% in PhB 425 — 514 1015 — — 91
76 0.001 wt% in PhB 442 — 442/ 315.3 — 24.7 91
77 0.01 wt% in PhB 455 — 456 345.1" — 30.9 91
78 0.01 wt% in PhB 422 — 522 1079 — — 91
79 In PMMA/wood 414 — 524 1023.9 — 29 100
79 In PMMA 409 — 520 805.3 — — 100
80 In PMMA/wood 408 — 515 1053.3 — 35 100
80 In PMMA 407 - 514 942.5 - 100
81 81/TMB 0.2 wt% in PhB 463 — 463°¢ — — 51.0 101
82 82/TMB 0.2 wt% in PhB 463/490 7.9 465/496° — — 17.7 101
83 83/TMB 0.2 wt% in PhB 472/483 6.0 470/492¢ — — 11.4 101
84 84/TMB 0.2 wt% in PhB 463/493 2.4 463/495¢ — — 7.3 101
85 85/TMB 0.2 wt% in PhB 471/496 2.8 468/498% — — 2.1 101
86 86/TMB 0.5 wt% in MeOPhB 503 — 503¢ — — 16.6 102
87 87/TMB 0.5 wt% in MeOPhB 500 — 508% — — 21.9 85
87 87/TMB 0.2 wt% in MeOPhB 499 — 505¢ — — — 85
88 88/TMB 0.3 wt% in MeOPhB 472/493 — 497% — — 19.5 85
88 88/TMB 0.2 wt% in MeOPhB 473 — 494% — — — 85
89 89/TMB 0.3 wt% in MeOPhB 474 — 495¢ - - 20.8 85
89 89/TMB 0.2 wt% in MeOPhB 472/491 — 473¢ — — — 85
90 0.05 wt% in PhB 439 8.28 466 284 — 9.6 103
91 0.05 wt% in PhB 433 14.10 - - - - 103
92 0.05 wt% in PhB 436 5.25 — — — — 103
93 0.05 wt% in PhB 436 3.84 484 221 — — 103
94 0.05 wt% in PhB 421 2.08 514 1046 — 9.2 103
95 In BP 483 — 531 115.3 3.0 5.8 104
9% In BP 480 — 542 360.3 15.9 18.3 104
97 In BP 498 — 553 523.8 4.1 8.9 104
98 In BP 565 — 652 159.3 0.8 3.2 104

“ Measured in the absence of oxygen. * 57-B (blue). © 57-YG (yellow). ¢ Dual phosphorescence: Ty, n > 2, n = 2 for 68-PhB and 69-PhB materials and
n = 3 for the 70-PhB material. * Dual phosphorescence: T,.”/ Emission wavelength of thermally activated delayed fluorescence. * Emission
wavelength of OLPL. Abbreviations: PS: polystyrene, PI: polyisoprene, SIS: PS-PI-PS, PLA: polylactic acid, PhB: phenyl benzoate, SCS: silkworm
cocoon silk, TMB: N,N,N’,N'-tetramethylbenzidine; MeOPhB: 4-methoxyphenyl benzoate, and BP: benzophenone.

modification of just one side of the difluoroboron B-diketonate
skeleton. Their systematic investigation involved designing a
series of single-phenyl-methoxy-substituted derivatives (64-67),
through which they achieved precise modulation of phosphor-
escence performance by controlling both the number (ranging
from 1 to 3) and the positional arrangement (para, meta, and

ortho) of methoxy groups. When incorporated into PLA
matrices, these derivatives exhibited phosphorescence lifetimes
between 113 and 295 ms, with tunable emission colors span-
ning from blue to yellow.®”

Building upon this foundation, Zhang et al. developed a
novel molecular design incorporating both methoxy and
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Fig. 7 Difluoroboron B-diketonate derivatives (I) (compounds 55-67).

74: Ry=Rp=H

75: Ry=CFg, Rp= H
76: Ry=F, Rp=H

77: Ry=OCHg, Ro= H
78: Ry=H, Rp=F

79 80

Fig. 8 Difluoroboron B-diketonate derivatives (Il) (compounds 68—80).

benzophenone groups onto the framework (68-70) (Fig. 8) and
doped 68 into phenyl benzoate (PhB) matrices, observing in
this system an unusual phosphorescence phenomenon that
appeared to violate Kasha’s rule.”® Further advancing this
research direction, the same group subsequently engineered a
composite phosphorescent material based on natural silkworm
cocoon silk by introducing multiple functional groups (includ-
ing naphthalene, methoxy, and carboxyl moieties) (71-73) onto
one side of the difluoroboron pB-diketonate skeleton. This
innovative design yielded remarkable enhancements in phos-
phorescence performance, achieving an extended lifetime of
265.2 ms while simultaneously improving the material’s
biocompatibility.”® In parallel developments, Zhang et al. inves-
tigated the effects of incorporating fluorine and methoxy groups
into the difluoroboron B-diketonate skeleton (74-78) followed by
doping in PhB, observing phosphorescence lifetimes more than
1000 ms.”" Their subsequent structural optimization involved
the introduction of additional fluorine (79 and 80) to strengthen
intermolecular hydrogen bonding, ultimately producing an ultra-
long phosphorescent material with exceptional performance
(tp=1035.3 ms) when embedded in PMMA/wood matrices. This
advanced material system combines outstanding optical transpar-
ency (>90%) with practical functionalities including oil resistance,
anti-fingerprint properties, and waterproof characteristics, high-
lighting its significant potential for various applications."®
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In their systematic research studies, Zhang et al. discovered
that phenylmethoxy-modified difluoroboron B-diketonate ske-
letons could maintain excellent RTP performance even after
further introduction of additional functional groups. In accor-
dance with the unilateral modification strategy, the researchers
developed a series of difluoroboron B-diketonate derivatives 81—
85 (Fig. 9) with ICT characteristics by introducing phenyl groups
at the para position of benzoxy groups and attaching various
atoms to these phenyl groups. These compounds exhibited S;
states with substantial dipole moments, enabling effective reg-
ulation of singlet-triplet energy gaps through dipole interactions
with the PhB matrix. Their studies revealed that when using
hydrogen-substituted phenyl groups (81-PhB system) combined
with the electron donor N,N,N’,N'-tetramethylbenzidine (TMB) as
a third component, the system demonstrated organic long-
persistent luminescence (OLPL) lasting several hours, as the
TMB electron donor facilitated charge separation and established
a dual afterglow mechanism to significantly prolong emission
duration.’® Expanding on this work, Zhang et al. successfully
incorporated phenylene ether structures into the phenylmethoxy
groups attached to difluoroboron B-diketonate (86), constructing
a three-component system with a 4-methoxyphenyl benzoate
(MeOPhB) matrix and a TMB electron donor which achieved
OLPL afterglow persisting for up to 2 hours."*® Further systematic
investigations by Zhang et al. examined the effects of introducing
naphthalene groups at the para position of phenylmethoxy
groups (87-89), using MeOPhB as the matrix and TMB as the
electron donor, with the modified system exhibiting a remarkably
extended afterglow duration of 2.5 hours.®> These groundbreak-
ing findings not only highlight the tremendous potential of ultra-
long afterglow materials but also provide crucial theoretical
guidance and innovative design principles for developing high-
performance RTP systems. Through meticulous molecular engi-
neering and precise component optimization, this research has
significantly improved the luminescence properties of organic
materials, establishing novel pathways for the development of
organic long-persistent luminescent materials with exceptional
performance characteristics.

Zhang et al. demonstrated that the unilateral heavy atom
effect could also achieve excellent RTP performance (90-94).
Their studies showed that in the phenyl benzoate (PhB) matrix,
the iodine-substituted difluoroboron B-diketonate compound
(94) exhibited an exceptionally long RTP lifetime reaching 1.0 s,

81: R=H
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83: R=CI
84: R=Br
85: R=1
88
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o oy
N '/
95
Fig. 9 Difluoroboron B-diketonate derivatives (Ill) (compounds 81-98).
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representing one of the longest lifetimes reported for iodine-
containing organic RTP systems. %

Sun et al. addressed the color limitation in these materials
through innovative structural modifications. Their research
demonstrated that introducing heterocyclic structures into
the side chains of the skeleton (95-98) and doping them into
the benzophenone (BP) matrix enabled full-color phosphores-
cence tuning from emerald green to red while maintaining long
lifetimes up to 523.8 ms when doped in PhB.'® This break-
through provides a novel strategy for developing panchromatic
phosphorescent materials with tunable emission colors.

Difluoroboron B-diketonate derivatives have been success-
fully developed into high-performance RTP systems exhibiting
long lifetimes (>1000 ms) and multicolor luminescence
through strategic modifications including unilateral/bilateral
functionalization and crystallization engineering, demonstrat-
ing significant application potential. Through systematic
research of the structure-property relationships, researchers
anticipate that the performance of these materials can be
further optimized in future studies.
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2.2.2 Other four-coordinate boron compounds. Based on
the excellent RTP properties of difluoroboron B-diketonates,
researchers have explored structural modifications by replacing
the two oxygen atoms in the OOBF framework with heteroatoms
of varying electronegativity (O/N/S/C), which significantly alters
the RTP characteristics. Through this systematic heteroatom
substitution strategy, researchers have successfully achieved
precise control over the luminescence properties of these mate-
rials. Table 4 shows the key photophysical parameters of the
compounds in order of discussion: maximum wavelengths of
fluorescence (1g) and phosphorescence (4p), lifetimes (tr and
7p), and both phosphorescence and photoluminescence quan-
tum yields (¥ and PLQY).

The original difluoroboron B-diketonate system exhibited
excellent phosphorescence properties due to its two highly
electronegative O atoms coordinated to the boron center. When
researchers substituted one O atom with a N atom of slightly
lower electronegativity, they observed significant changes in
RTP performance. Neelakandan et al. synthesized a naphthali-
denimine-boron compound with a simple skeleton containing

Table 4 Photophysical properties of other four-coordinate boron compounds

Sample Environment Jp [nm] ¢ (ns) Jp [nm] 7p [ms] Dy (%] PLQY [%] Ref.
99 99@4,4’-Dimethoxy benzophenone 496 — 557 1.49 — — 105
100 Green crystal 514 0.56 558 — — 26 £1 106
100 Red crystal 505 0.41 598 0.009 — 28+1 106
101 In CH,Cl, 501 2.07 568 0.001 — 29 107
102 In CH,Cl, 500 1.69 558 0.005 — 86 107
103 In CH,Cl, 470 2.94 599 0.001 — 104 107
104 In CH,Cl, 478 3.77 588 0.003 — 100 107
105 In CH,Cl, 493 2.07 621 0.001 — 70 107
106 In CH,Cl, 537 4.79 653 0.002 — 98 107
107 In CH,Cl, 483 4.73 606 0.003 — 49 107
108 In CH,Cl, 515 7.6 £0.2 — — — 90 108
108 In CH,Cl, — — — — — — 109
109 In CH,Cl, — — 575 0.008 — 10 108
109 In CH,Cl, — — — 0.024° — — 109
0.008” —
110 In CH,Cl, — — 545 0.009 — — 109
111 In CH,Cl, 554 0.97 — — — — 110
111 Powder 550 0.32 — — — — 110
111 Doped crystal 510 0.29 605 1.57 13.43 — 110
112 In CH,Cl, 525 0.26 — — — 110
112 Powder 528 0.35 — — — 110
112 Doped crystal 512 0.31 611 0.83 15.96 — 110
113 Solid 500 0.135 662 0.107 0.2 — 111
114 Solid 485 0.217 646 0.100 0.3 — 111
115 Solid 496 0.186 661 0.165 0.3 — 111
116 Solid 484 0.134 666 0.189 0.6 — 111
117 1 wt% in PMMA 537° — 567° 0.00191 — 287 112
117 G-crystal 530° — 541° — — 587 112
117 Y-crystal — — 570° 0.00047° — 774 112
117 R-crystal 630° — 633° — — 234 112
118 Pure film 401 — 478 3.8 0.1 30 113
118 Crystal 410 — 515 12.0 1.8 23 113
119 Pure film 413 — 588 2.7 <0.1 12 113
119 Crystal 412 — 440° 3.9 0.1 16 113
565 8.2
120 Pure film 487 — 592 3.0 <0.1 22 113
120 Crystal 502 — 580 11.4 <0.1 9 113

“ Calculated value. ? Experimental value. ¢ The fluorescence and phosphorescence emission peaks are confirmed by the time-resolved PL spectra
at 50 K. ¢ Measured at room temperature under Ar. ¢ The peak at 440 nm is consistent with delayed fluorescence via triplet-triplet annihilation.
/The quantum yield provided is a combination of both long-lived photoluminescence events that could not be resolved from one another due to

their similar lifetimes.
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Fig. 10 Other four-coordinate boron compounds (99-120).

only naphthalene, phenyl and methyl groups (99) (Fig. 10),
which was coated on 4,4’-dimethoxybenzophenone crystals.
Their study revealed that FRET occurred in this system due to
the spectral overlap between donor emission and acceptor
absorption, resulting in yellow-green phosphorescence with a
lifetime of 1.49 ms,'” demonstrating how N substitution
enhances phosphorescence through strengthened intermolecu-
lar interactions. Fu et al. further modified the system by
replacing the methyl group with a more electron-withdrawing
nitro group to enhance the ICT effect, creating a boron difluor-
ide B-acetylnaphthalene chelate (100) that formed two distinct
crystal forms: green crystals exhibiting J-aggregation and TADF,
and red crystals showing H-aggregation and RTP properties."*®
These findings not only confirmed heteroatom substitution’s
regulatory effect on phosphorescence but also achieved con-
trollable switching between TADF and RTP through aggregation
state engineering. Venkatesan et al. successfully optimized the
phosphorescence performance of compounds by introducing
oxygen-containing heterocyclic structures into the N,O-
substituted difluoroboron molecular framework and precisely
modulating the electronic effects of electron-withdrawing and
electron-donating groups (101-107)."” Building upon this
foundation, Fu et al. further advanced this design strategy. By
replacing carbon atoms with sulfur atoms, they designed and
synthesized novel difluoroboron compounds (108-109). Theo-
retical calculations and experimental studies demonstrated
that the lone pair electrons of sulfur atoms and nitro groups
generate a significant ICT effect, substantially enhancing the
ISC efficiency. This innovative design endowed S-BF, with
phosphorescence properties in solution that were absent in
its carbon-substituted counterpart, achieving a phosphores-
cence lifetime of 8.3 ms.'%® Subsequently, Huang et al. (108-
110) further elucidated the mechanism of sulfur-containing
heterocycles through more in-depth theoretical research. They
found that sulfur atoms not only participate in the ICT process
through their lone pair electrons but also significantly enhance
SOC effects via their empty d-orbitals, thereby improving ISC
rates. Additionally, the introduction of sulfur atoms suppressed
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out-of-plane molecular twisting motions, effectively reducing
non-radiative decay rates.' Although the RTP lifetimes of
these compounds remain at the microsecond level, these
studies systematically revealed the multiple roles of sulfur-
containing heterocycles in regulating phosphorescence perfor-
mance: they can both accelerate ISC through n — =n* transi-
tions and inhibit non-radiative decay by enhancing molecular
rigidity.

Fu et al. replaced oxygen atoms in the molecule with nitro-
gen atoms and introduced either heavy-atom-effect-exhibiting
diiodo groups or cyano groups capable of promoting intra-
molecular charge transfer (111 and 112). By using 4-iodoaniline
(I-Ph-NH,) crystals as a host matrix for doping, they success-
fully achieved highly efficient room temperature phosphores-
cence (RTP).''® Zhu et al further advanced the work by
designing and synthesizing N,N-chelated compounds (113-
116). Their research demonstrated that varying alkyl substitu-
ent sizes could modulate RTP properties. Crystal structure
analyses revealed that halogen bonding involving iodine atoms
and C-H- - -m interactions effectively stabilized the triplet state,
enabling dual emission in both amorphous and crystalline
states.""

Investigating the influence of electronegativity on RTP perfor-
mance, Wang et al. developed an N, S-complex by substituting O
with S atoms from the same group. They designed a four-
coordinate structure 117, using 9,10-dihydro-9,9-dimethylacridine
(DMAC) as the donor (D) and N,S-thioamide difluoroboron as the
acceptor (A). Their study revealed that among the three resulting
crystal forms, the yellow crystal exhibited a larger AEgr, effectively
suppressing reverse intersystem crossing (RISC). Furthermore, the
heavy atom effect of sulfur enhanced SOC, leading to prominent
RTP characteristics in this crystal, while the other two crystals
primarily displayed TADF behavior.'"

While previous studies primarily relied on heavy atom
effects with limited phosphorescent color tunability, Gilroy
et al. developed an alternative approach using C atoms (with
lower electronegativity than N/S) in four-coordinate boron (BF,)
systems (118-120). Their work demonstrated that efficient RTP
could be achieved through interactions among light atoms (O,
F, etc.) without heavy atom involvement. As the conjugated
system expanded, the phosphorescence emission color system-
atically varied.'™ This light-atom-interaction strategy for high-
efficiency RTP avoids the toxicity issues associated with heavy
atoms while enabling color tunability, opening new possibili-
ties for RTP material development.

Researchers have successfully achieved efficient RTP perfor-
mance and color tunability by systematically substituting
atoms with varying electronegativity (from highly electronega-
tive O to progressively less electronegative N, S, and C atoms) in
these systems. These accomplishments fundamentally rely on
the pivotal role of the BF, core. The electronegativity-based
design strategy established through these studies provides
valuable insights and expanded possibilities for developing
other organic RTP materials in future research.

Although many BF,-bridged B-diketonate complexes have
been reported, their photophysical behavior varies significantly:
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some show fluorescence, while others exhibit RTP. This
indicates that the BF, unit alone does not guarantee RTP and
its luminescence depends strongly on molecular design and
environmental conditions. Several strategies have been devel-
oped to promote RTP. Host-guest doping is widely used to
suppress non-radiative decay and enhance phosphorescence by
careful selection of host materials and optimization of doping
conditions. At the molecular level, introducing heavy atoms
(e.g., Br and I) strengthens SOC to improve ISC and quantum
yield. Heteroatom substitution (e.g., S and O) can tune energy
levels and singlet-triplet gaps to facilitate RTP. Additionally, ICT
systems help stabilize triplet excitons and create new radiative
pathways, increasing phosphorescence intensity and lifetime.
These approaches highlight that RTP relies on multi-factor
synergy. Future work should focus on mechanistic studies of
excited-state processes to enable more rational material design.

Four-coordinate boron compounds exhibit remarkable design
flexibility and tunable performance in RTP materials owing to
their characteristic sp>-hybridized tetrahedral geometry and
electron-deficient nature. The difluoroboron B-diketonate deriva-
tives, as representative structures of this system, have achieved
ultra-long phosphorescence lifetimes up to 1035.3 ms through
synergistic effects between rigid molecular frameworks and
optimized intermolecular interactions. Researchers have success-
fully implemented precise control over both the phosphorescence
lifetime and the emission color through strategic single/bilateral
substitution patterns. Efficient RTP emission has been realized
by suppressing non-radiative transitions via crystallization engi-
neering and host-guest doping strategies, while ISC efficiency
has been further enhanced through heteroatom substitution
(O/N/S/C) and heavy-atom effects. Future research will concen-
trate on enhancing quantum yields and broadening the spectral
range of luminescent colors in these materials.

3. Applications

Boron-based RTP materials demonstrate excellent phosphores-
cence properties while offering tunable emission colors and
prolonged lifetimes through strategic modifications of boron’s
numbers and substituent types. These materials show significant
potential for various applications including anti-counterfeiting
technologies, light-emitting displays, and biological imaging
systems.

3.1 Anti-counterfeiting/information encryption

Our research group has systematically investigated triarylborane
compounds and successfully developed a series of derivatives
exhibiting outstanding RTP characteristics. Building upon these
materials’ unique luminescent properties, we have designed and
demonstrated novel anti-counterfeiting encryption applications
with enhanced security features (Fig. 11(a)). In our experimental
design, we creatively employed the distinct RTP behaviors of 48 in
different matrices to develop advanced anti-counterfeiting sys-
tems. By depositing 48 onto filter paper using DCM solution and
preparing PMMA films, we constructed a square pattern and the
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Fig. 11 (a) Information encryption applications of 48 films. The flower core is
made of the 48@PMMA film; petal @, petal @, and petal ® are made of 48/
RhB@PMMA films, 48/Rh6G@PMMA films, and 48/RBNN@PMMA films,
respectively; and the flower branches and leaves are made of 47@PMMA
films. Reproduced with permission from ref. 74. Copyright 2024 Advanced
Functional Materials. (b) Rabbit patterns of 79/wood afterglow materials (top);
a commercial flat-panel night reading light (bottom). Reproduced with
permission from ref. 100. Copyright 2025 Nature Communications. (c) Size
distribution of NAI-BO-F (1 mg mL™). Inset: Phosphorescence images of
nanoparticles (1 mg mL™) before and after F127 encapsulation. (d) 4T1 cell
viability at different concentrations of NAI/BO-F. (e) Phosphorescence imaging
of mice subcutaneously injected with NAI/BO-F (0.1 mg mL™%). Reproduced
with permission from ref. 56. Copyright 2025 Advanced Materials.

equation “7 + 5 = 12,” respectively. The system demonstrates
dynamic information encryption as 48@filter paper shows no
RTP, while the 48@PMMA film exhibits strong RTP under UV
light, causing the square to transform into “8” and the equation
to change from “7 + 5 = 12” to “7-5 = 2”. To further validate the
material’s anti-counterfeiting capabilities, we designed an intri-
cate flower pattern incorporating 48@PMMA with various fluor-
escent dyes in different petal sections. The differential afterglow
durations of these components create a time-dependent anti-
counterfeiting effect, where petals appear to wither sequentially
as their luminescence gradually fades after UV excitation.”*

3.2 Light-emitting display

Boron-based RTP materials, characterized by their exceptionally
prolonged luminescence lifetimes, exhibit considerable promise
for advanced lighting and display applications. Zhang et al.
showed that difluoroboron B-diketonate derivatives, RTP mate-
rials, can be processed via multiple methods for functional
implementations, including fabrication into various geometric
forms or incorporation into wood substrates to create night
lights (Fig. 11(b)). Through molecular design and host-guest
doping strategies, their team achieved remarkable afterglow
durations extending up to 2.5 hours, substantially expanding
the lighting and display applications of RTP materials.'® These
ultra-long afterglow characteristics position them as ideal light-
ing materials that offer environmental advantages and energy
efficiency compared to conventional LED technologies.

3.3 Biological imaging

Boron-based RTP materials have demonstrated groundbreak-
ing applications in the biomedical field. Lin et al. developed an
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NAI/BO composite through solid-phase thermal treatment
using BA as the matrix and 2,3-naphthyldiformimide (NAI),
which exhibited exceptional OLPL properties lasting up to
3 hours. To enhance stability, the group further engineered
NAI/BO-F nanoparticles by encapsulating NAI/BO with amphi-
philic copolymer F127 (Fig. 11(c)). Following subcutaneous
injection of UV-activated NAI/BO-F nanoparticles into Balb/c
nude mice, distinct OLPL signals were successfully observed
using an IVIS in vivo imaging system (Fig. 11(d) and (e)). The
material’s significantly longer OLPL lifetime compared to bio-
logical autofluorescence effectively eliminates background
interference, enabling high signal-to-noise ratio bioimaging.
This innovative “ex vivo activation—in vivo imaging” approach®®
overcomes the limitations of conventional fluorescence ima-
ging that requires continuous excitation, establishing a novel
technical pathway for biomedical imaging applications.

Although boron-based RTP materials show great application
potential in fields such as anti-counterfeiting, displays, and
bioimaging, their practical industrialization still faces several
critical challenges. Firstly, the stability of the materials in aqu-
eous solution remains a major issue. It should be specifically
noted that this challenge is particularly pronounced for boronic
acid (BA)-based RTP materials due to the inherent hydrolytic
susceptibility of the boronic acid functional group. While some
four-coordinate boron complexes demonstrate relatively better
water stability, most current boron-based RTP materials are
prone to hydrolysis in water, and their luminescence properties
are significantly affected by pH, necessitating the development of
novel water-stable boron coordination structures. Secondly, in
terms of spectral regulation, although full spectral coverage from
400 nm to 650 nm has been achieved, luminescence performance
in the near-infrared region (650-900 nm) still requires break-
through improvements, which will directly affect their applica-
tion value in OLEDs and deep-tissue imaging. Furthermore,
many problems exist in device integration, as the technology in
this area remains immature compared to theoretical research. In
the biomedical field, systematic toxicity evaluation systems are
not yet well-established, highlighting the need to standardize
biocompatibility testing protocols and develop metabolizable
boron-based RTP materials. Looking ahead, future development
should focus on molecular engineering to create near-infrared
luminescent systems, explore smart responsive RTP materials,
and develop water-soluble modification strategies to enhance
biocompatibility. These efforts will strongly promote the practical
application of boron-based RTP materials.

4. Summary and perspectives

This study systematically reviews the recent advances in three-
and four-coordinate boron RTP materials. Owing to their struc-
tural tunability, multicolor phosphorescence, processability, and
multi-stimuli responsiveness, these materials demonstrate broad
application potential in anti-counterfeiting, light-emitting dis-
plays, and biological imaging. By precisely modulating the coor-
dination type of boron atoms and the number, type, and position
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of substituents and designing host-guest doping systems,
researchers have successfully achieved long-lived RTP and full-
color phosphorescence emission, providing key insights for the
development of novel functional materials.

Research has demonstrated that boron coordination modes
significantly influence material luminescence mechanisms and
properties. Three-coordinate boron typically exhibits higher phos-
phorescence quantum yields owing to stronger m-conjugation
effects, while four-coordinate boron shows relatively lower quan-
tum yields. Nevertheless, the latter can achieve excellent RTP
performance through molecular design. These differences origi-
nate from how coordination modes regulate the molecular struc-
ture, SOC, and non-radiative transition processes. Substituent
modification represents another crucial approach for tuning
boron-based RTP materials. Compared to simple boric acid com-
pounds, phenylboronic acid’s p—n conjugation effect markedly
enhances ISC efficiency, and triarylboranes demonstrate superior
RTP properties through synergistic effects of three aromatic
groups. The introduction of electron-donating groups (e.g;, meth-
oxy and dimethylamino) and polycyclic aromatic hydrocarbons
(e.g., naphthalene and benzoperylene) enables further modulation
of the emission color and lifetime. Notably, heavy atom effects in
boron-based RTP systems present an intriguing phenomenon:
while enhancing SOC, they sometimes reduce the lifetime, reveal-
ing the complex balance required between SOC promotion and
non-radiative transition suppression in RTP molecular design.
Regarding host-guest strategies, BA’s rigid structure and oxygen
barrier properties significantly improve guest molecule RTP per-
formance. Moreover, optimizing host-guest ratios enables precise
control of the emission color and lifetime, demonstrating this
approach’s strong regulatory potential.

Compared to traditional organic RTP material systems,
boron-based RTP materials demonstrate outstanding compre-
hensive performance advantages: in terms of luminescence
properties, their maximum phosphorescence quantum yield
exceeds 45%, significantly surpassing that of conventional sys-
tems (typically <20%); regarding luminescence kinetics, particu-
larly three-coordinate organoboron compounds generally achieve
phosphorescence emission with a long lifetime on the order of
seconds; in spectral tunability, precise molecular engineering
enables coverage across the entire visible range of 400-650 nm,
with effective realization of long-wavelength emission. Especially
notable are the RTP systems constructed based on boric acid
(BA), which combine excellent biocompatibility. This unique
synergy of “high performance and low toxicity” renders them
irreplaceable for biomedical applications. These characteristics
make boron-based RTP materials highly valuable for use in fields
such as anti-counterfeiting, displays, and bioimaging.

In summary, this review systematically examines recent
advances in boron-based RTP materials, particularly focusing
on structure-property relationships. Through precise regulation
of boron coordination types (three- and four-coordinate), sub-
stituent characteristics (number, type, and position), heavy atom
effects, diboron frameworks, and host-guest doping strategies,
researchers have achieved remarkable progress extending phos-
phorescence lifetimes from microseconds to seconds, expanding
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emission colors from single green/yellow to full-spectrum cover-
age, and significantly enhancing quantum yields. These accom-
plishments have established a comprehensive theoretical
framework for designing high-performance boron-based RTP
materials.

While boron-based RTP materials have achieved significant
research breakthroughs, several challenges persist. Future research
should focus on (i) deeper investigation of structure-property
relationships to enable more efficient RTP performance through
molecular design, particularly for four-coordinate boron com-
pounds where low phosphorescence quantum yields remain pro-
blematic; (ii) overcoming the water stability limitations of BA
matrices that currently restrict biological imaging applications to
nanomaterial composites; (iii) advancing practical applications to
fully realize the potential of these materials; (iv) expanding the
color gamut, especially achieving efficient and stable blue-emitting
and near-infrared (NIR) RTP materials, which are crucial for full-
color displays and deep-tissue bioimaging; and (v) exploring
intelligent applications, such as stimuli-responsive smart systems
and adaptive optical devices that react dynamically to environ-
mental changes. These efforts will require continuous exploration
of novel material systems and application strategies.
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