Open Access Article. Published on 13 September 2024. Downloaded on 8/13/2025 1:18:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

W) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 24774

Received 24th July 2024,
Accepted 13th September 2024

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Engineering high-brightness and long-lived
organic room-temperature phosphorescence
via systematic molecular designf

Guangming Wang,:? Yuanyuan Chen,#*° Xuefeng Chen,#? Jingi Zha,**

Xiaoya Guo*® and Kaka Zhang () *?

DOI: 10.1039/d4cp02927e

rsc.li/pccp

We report a systematic molecular design in BF,bdk-based afterglow
emitters with photoluminescence quantum yields up to 46.3% and
lifetimes around 1 s. Suitable excited-state types, diverse excited
state species, relatively small singlet—triplet energy gaps and strong
dipole—dipole interactions are critical in determining the afterglow
properties.

Organic photofunctional materials exhibit wide application
in diverse fields such as optical analysis, light harvesting,
cosmetics, textile printing and dyeing." Among them, organic
room-temperature phosphorescence (RTP) and afterglow materials,
characterized by their long-lived emission post-excitation source
removal, hold significant promise for advanced anti-counterfeiting,
bioimaging, and oxygen/microenvironment probing applications.?
Among these, high-brightness organic afterglow materials, particu-
larly those with phosphorescence lifetimes exceeding 100 ms,
are especially noteworthy due to their easily detectable afterglow
phenomena, even by the naked eye or low-cost equipment.’
This makes them ideal for high-contrast biological monitoring,
high-sensitivity analytical detection, information encryption and
authentication, and organic optoelectronic devices.* The after-
glow brightness L(t) of organic afterglow materials at time ¢ can
be described by the equation L(f) ~ ¢*®* exp(—t/t), where ¢ is the
molar absorption coefficients, @ is the quantum efficiency, and
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T is afterglow lifetime.” Hence, achieving high-brightness
organic afterglow materials necessitates not only a large ¢ but
also a high @ and a long 7. However, in organic systems, triplet
excited states are difficult to form due to spin-forbidden transi-
tions and weak spin-orbit coupling, and they are easily deacti-
vated at room temperature or body temperature, making the
attainment of bright and long-lived organic room-temperature
afterglow materials challenging.

To circumvent these limitations, researchers have employed
strategies such as promoting intersystem crossing (ISC) through
n-n* transitions® and heavy atom effects (HAE),” protecting
triplets in crystalline or glassy environments,””® and other mole-
cular design and material engineering strategies,’ leading to the
development of over a thousand examples of organic afterglow
materials (Fig. S1, ESIT). Fig. S1 (ESI) summarizes the perfor-
mance metrics of organic afterglow materials in recent years,
highlighting that efficient and long-lived organic afterglow
materials with quantum efficiencies above 40% and lifetimes
over 1 s still remain scarce (below 1% of the total organic
afterglow materials). This scarcity stems from the fact that the
introduction of HAE or n-n* transitions in conventional mole-
cular designs, while increasing the phosphorescence quantum
yield (®p), also tends to increase both the intersystem crossing
rate (kisc) and the phosphorescence rate (kp), resulting in
shorter phosphorescence lifetimes (zp). Thus, selectively enhan-
cing kisc to elevate ®p, while maintaining a low kp, and
simultaneously suppressing non-radiative (k,,) and quenching
(kq) rates, is paramount for achieving high-efficiency long-lived
phosphorescence.

We envision that by designing and synthesizing organic
luminescent molecules with high ¢, high kjsc and low kp, and
subsequently doping them into suitable organic matrices, it is
possible to achieve bright and long-lived organic afterglow
materials. This material design strategy, on the one hand,
can take advantage of the rigid and protective environment
provided by the organic matrix to suppress k,, and k4 of the
luminescent molecules. Simultaneously, the dipole-dipole
interactions between the organic matrix and the luminescent
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molecules can facilitate ISC process, leading to a high ksc,
thereby realizing materials with enhanced efficiency and
longevity.

Difluoroboron fB-diketonate (BF,bdk) molecules, due to their
large ¢ and high ¢, have been proven to be an excellent
precursor for high-performance organic afterglow in previous
studies by our group and others."® Moreover, BF,bdk molecules
possess significant dipole moments in their S; excited states,
enabling strong dipole-dipole interactions with an organic
matrix having a large ground-state dipole moment, which can
promote their ISC and obtain a large kisc. Besides, phenyl
benzoate (PhB) has been proved to be an ideal organic matrix
for BF,bdk molecules, due to its large ground-state dipole
moment, as well as its rigid and protective environment. There-
fore, in this work, we designed and synthesized a series of
BF,bdk molecules as efficient luminescent components, and
doped them into PhB to prepare bright and long-lived two-
component afterglow materials. By modulating the structure of
the BF,bdk molecules and manipulating their afterglow perfor-
mance, bright and long-lived organic room-temperature after-
glow materials with high quantum efficiencies of up to 46.3%
and afterglow lifetimes of 976 ms have been achieved success-
fully. Further investigations reveal that suitable types of excited
state transitions, diverse excited state species, relatively small
singlet-triplet energy gaps (AEsy ~ 0.3-0.4 eV), and strong
dipole-dipole interactions all favour ISC and the emission of
bright persistent luminescence, providing new insights and
directions for the development of high-brightness, long-lived
organic afterglow systems. These bright and long-lived organic
afterglow materials also demonstrate promising applications in
advanced anti-counterfeiting and information encryption.

Scheme 1 illustrates the chemical structures of the BF,bdk
molecules and the PhB matrix employed in this work, with the
synthesis of the BF,bdk molecules achieved via the cascade
reaction developed by our group.’® Comprehensive structural
characterization has been performed on the synthesized
BF,bdk compounds, and their high purity can be confirmed
through HPLC measurements following multiple recrystalliza-
tions wusing spectroscopic-grade dichloromethane/hexane
(Fig. S2, ESIt). Table S1 (ESIt) summarizes the photophysical

compound 1 compound 2 compound 3

PhB

Scheme 1 Chemical structures of BF,bdk and PhB matrix.

compound 4
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properties of these BF,bdk compounds in different solvents,
showing their large ¢, which attest to their superior photophy-
sical properties and potential for intense luminescence (Fig. S3,
ESIT). For example, compound 4 in dichloromethane solution
exhibits a strong UV-vis absorption maximum at 380 nm
(6=4.07 x 10* M~ " cm ') and an intense fluorescence emission
at 462 nm with PLQY of 48.6%. The absorption band at 325-
425 nm coincides well with the Sy—S; ICT transition as revealed
by TD-DFT calculation and can be assigned to be ICT transition
from the the aromatic donor to the dioxaborine acceptor
(Fig. S4, ESIt). Besides, compounds 2 to 4 show positive
solvatochromicity (Fig. S3, ESIT), which is consistent with the
intramolecular charge transfer (ICT) nature in their S; states
(Fig. S4-S6, ESIf). Compound 1 of localized excitation (LE)
character in its S; state show similar fluorescence maxima in
different solvents (Fig. S3 and S7, ESIt).

No noticeable afterglow can be observed from either solution-
state or solid-powder-state BF,bdk compounds at room tempera-
ture (Fig. S8, ESIt). In the powder and crystal states of BF,bdk,
molecular aggregation of BF,bdk can cause afterglow quenching
in the organic systems. PhB matrix can disperse luminescent
dopants and prevent afterglow quenching caused by the electro-
nic coupling of BF,bdk aggregates. On the other hand, the
dipole-dipole interaction between ground-state PhB and
BF,bdk’s S; state can enhance ISC of the organic system.
Therefore, PhB matrix is introduced to obtain BF,bdk-PhB
materials with room-temperature afterglow property (Text S1,
ESIt). When compound 1 was doped into PhB at a concen-
tration of 0.01 wt%, the resultant 0.01%-1-PhB materials
exhibit a weak green afterglow lasting approximately 5 s at
room temperature (Fig. 1A), with a maximum emission peak at
485 nm and afterglow lifetime of 412 ms (Fig. 1C and E). This
afterglow emission, which has already been confirmed to
originate from the T; emission of compound 1 in our group’s
previous work,'* is an RTP-type afterglow emission. The
steady-state emission spectrum of 0.01%-1-PhB afterglow
materials exhibits a maximum emission peak at 390 nm, from
which S, level can be estimated to be 3.18 eV (Fig. 1C). At 77 K,
the phosphorescence peak of 0.01%-1-PhB afterglow materials
is at 495 nm, closely matching the room-temperature value,
from which we can estimate the T; energy level to be 2.51 eV
(Fig. S9, ESIt). The room-temperature photoluminescence
quantum yield (PLQY) value of 0.01%-1-PhB was measured
to be as low as 0.43%, consistent with the low PLQY value of
its solution. Unlike the BF,bdk-matrix afterglow materials in
our previous work where the BF,bdk’s S; states have ICT
character,’® because a single benzene ring has limited
electron-donating strength, compound 1 shows prominent
LE character in its S; state as revealed by TD-DFT calculation
(Fig. 1F). It is known that LE system usually has large singlet-
triplet splitting energy (AEsy); here 1-PhB sample has AEgy
value of 0.67 eV as estimated from its fluorescence and
phosphorescence maxima (Fig. 1C). Because of the large AEgr,
1-PhB system has limited ISC and thus weak RTP (Fig. 1A).

To enhance luminescence efficiency and afterglow bright-
ness of BF,bdk-PhB materials, a naphthyl substituent group,
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Fig.1 (A) and (B) Photographs of 1-PhB (A) and 2-PhB (B) materials.

(C) and (D) Steady-state and delayed emission spectra of 1-PhB (C) and
2-PhB (D) excited at 365 nm. (E) Delayed emission profiles of 1-PhB and
2-PhB monitored at 485 nm and 530 nm. (F) TD-DFT calculation of 1's and
2's S; states.

known for its greater ISC capability than phenyl, is further
introduced to obtain compound 2.'°” The resultant 0.01%-
2-PhB materials display bright blue fluorescence at room
temperature, with a significantly increased PLQY of 26.1%
(Fig. 1B). In a dark room, 2-PhB materials can exhibit a bright
yellow-green afterglow (Fig. 1B), which has been previously
established to be RTP-type afterglow originating from 2’s T,
emission.'® The steady-state and delayed emission spectra of
the 2-PhB materials reveal a fluorescence maximum at 442 nm
(S = 2.81 eV), a phosphorescence peak at 529 nm (T, = 2.34 eV)
with phosphorescence lifetime of 829 ms (Fig. 1D and E). These
results indicate a marked improvement in both afterglow
brightness and lifetime of 2-PhB compared to 1-PhB. This
enhancement aligns with theoretical calculated results. TD-
DFT calculation demonstrates that 2’s S, states exhibit a
pronounced ICT nature, distinctly different from the LE char-
acteristics of 1 (Fig. 1F). Moreover, AEgr of 2-PhB materials can
be estimated to be 0.47 eV, which would facilitate ISC to a
certain extent and favor efficient phosphorescence emission.
Further enhancement of the PLQY is achieved by introdu-
cing an electron-donating methoxy group into compound 2,
resulting in 0.01%-3-PhB materials with PLQY of 39.11%.
At room temperature, 3-PhB materials display a bright blue
fluorescence, and a yellow RTP-type afterglow (Text S2 and S3,
ESIY) lasting for 7 s (Fig. 2A). The steady-state emission spec-
trum of 3-PhB materials shows a fluorescence band at 455 nm
(Fig. 2B, S; = 2.73 eV), while their delayed emission spectrum
shows a phosphorescence peak at 550 nm (T; = 2.25 eV) with
lifetime of 929 ms (Fig. 2C and E). TD-DFT calculation shows
that, the sum of the SOCMEs between the triplet excited states
(Ty, n=1-3) and S, in 3, denoted as SOCME(sum) = SOCME(T; -
S;) + SOCME(T,-S;) + SOCME(T;-S,), increases significantly
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Fig. 2 (A) and (B) Photographs of 3-PhB (A) and 4-PhB (B) materials.

(C) and (D) Steady-state and delayed emission spectra of 3-PhB (C) and
4-PhB (D) excited at 365 nm. (E) and (F) Emission decay profiles of 3-PhB
(E) and 4-PhB (F) monitored at 550 nm and 534 nm.

from 0.88 to 1.16 cm™ ', suggesting a notable improvement in
ISC ability (Fig. S5 and S6, ESIt). The enhancement in SOCME
contribute to the strengthened afterglow brightness of 3-PhB
compared to 2-PhB. The estimated AEgr of 3-PhB materials is
0.48 eV, similar to that of 2-PhB materials, indicating that the
introduction of the methoxy group has little effect on AEgr in
this system.

Twisted donor units, as demonstrated in our and others’
previous work, can reduce AEgr, promoting ISC and efficient
afterglow emission.’®*?  Inspired by this, a twisted polycyclic
aromatic unit is further introduced into 3 to obtain 4. The
resultant 0.01%-4-PhB materials still exhibit a bright blue
fluorescence at room temperature with PLQY as high as
46.3% (Fig. 2B), and their steady-state emission spectrum
features a fluorescence peak at 467 nm (Fig. 2D, S; = 2.66 eV).
In a dark room, 4-PhB materials can exhibit a very bright yellow-
green RTP-type afterglow (Text S2 and S3, ESIY) lasting approxi-
mately 9 s (Fig. 2B), with a phosphorescence band at 534 nm
(Fig. 2D, Ty = 2.32 eV) in their delayed emission spectrum and
lifetime of 976 ms (Fig. 2F). 4-PhB materials can also exhibit
significant afterglow at 77 K with a similar phosphorescence
peak at 550 nm (Fig. S10, ESIt). The estimated AEgr of 4-PhB
afterglow materials is 0.34 eV, notably lower than that of other
BF,bdk-PhB materials. Furthermore, TD-DFT calculation
indicates that, besides S;-to-T; ISC channel, S;-to-T, (n = 2 or
3) channels are responsible for the population of T; states in
BF,bdk systems; the S;-T, energy gap is smaller than that of
S;-T;. Besides, compared to 2 and 3, 4 exhibits more distinct
differences in the excited states between T, (n = 1-3) and S,
states, along with larger SOCMEy s values, particularly SOC-
MEr s, = 0.46 cm ' (Fig. S4, ESIT). According to the energy gap
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law and the EI-Sayed rule, such differences in excited states and
larger SOCMEy s values can significantly facilitate the for-
mation of multiple ISC pathways between T, and S; states,
promoting ISC process and efficient phosphorescence.

Similarly, TD-DFT calculation also reveals that the S; dipole
moments of the BF,bdk molecules follow the order 4 > 3 >
2 > 1 (Table S2, ESIt). PhB matrix, which has a ground-state
dipole moment of 1.94 D, can interact with BF,bdk’s S; excited
state via dipole-dipole interaction (with less influence on
BF,bdk’s T; energy levels), lower BF,bdk’s S; energy levels
and thus narrow AEg; to enhance intersystem crossing.'*™”
Thus, a larger S; dipole moment of the luminescent molecules
leads to stronger dipole-dipole interactions with the matrix,
favoring the enhancement of ISC process as well as the after-
glow performance of BF,bdk-PhB materials.'*¢ Besides, we
select cyclo olefin polymer (COP), poly(methyl methacrylate)
(PMMA), PhB and 4-methoxybenzophenone (MeOBP) to serve
as organic matrix to prepare BF,bdk-matrix samples. Corres-
ponding steady-state and delayed emission spectra, as well as
fluorescence decay profiles, have been collected (Fig. S11-S14
and Table S3 and S4, ESIt). The emission studies show that
BF,bdk’s S; energy levels decrease with the dipole moments of
organic matrices while BF,bdk’s T, energy levels have insignif-
icant change. Overall, BF,bdk molecules in organic matrices
with large dipole moments have small AEgr and strong ten-
dency of intersystem crossing. The fluorescence lifetimes of
BF,bdk’s S; states have been found first increase with dipole
moments from COP through PMMA to PhB and then decrease
from PhB to MeOBP. The lifetime increase is attributed to the
decrease of BF,bdk’s fluorescence decay rates in polar environ-
ment as supported by the reported studies, while the significant
increase of intersystem crossing from PhB to MeOBP should be
responsible for the lifetime decrease. These results reveal the
effect of dipole-dipole interaction between ground-state matrix
and S;-state BF,bdk for the enhancement of intersystem cross-
ing of the BF,bdk-matrix system, which has also been sup-
ported by our previous study and the reported studies. ¢

In summary, appropriate types of excited state transitions, a
rich diversity of excited states, relatively small AEsr (0.3-0.4 eV),
and strong dipole-dipole interactions are the reasons behind
the superior afterglow brightness and PLQY of 4-PhB materials
compared to 3-PhB > 2-PhB > 1-PhB.

Notably, the afterglow colors of these BF,bdk-PhB materials
were distinctly red-shifted relative to their fluorescence colors,
with the afterglow peaks being red-shifted relative to the
fluorescence peaks. This suggests that their afterglow emis-
sions belong to organic room-temperature phosphorescence.
The phosphorescence emissions of 1-PhB and 2-PhB materials
were previously attributed to the T; emission of the BF,bdk,
and the same should hold true for the persistent emissions of
3-PhB and 4-PhB materials.

In the field of information encryption and anti-counter-
feiting technologies, fluorescence inks have gained widespread
use due to their excellent printability and high-resolution
features.**’ However, their ease of replication limits their
application in scenarios requiring higher security levels.

This journal is © the Owner Societies 2024
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(A)

Fig. 3 (A) Photographs of 4-PhB afterglow plates (20 cm x 20 cm) at
different conditions. (B) Photographs of 4-PhB afterglow plates behind
different pre-designed masks.

Organic room-temperature afterglow materials, with their
unique long-lived excited state properties enabling time-resolved
multiplexed information encryption, show vast potential for
advanced anti-counterfeiting and information encryption applica-
tions. PhB matrix, with its low melting point (70 °C), endows
BF,bdk-PhB afterglow materials with outstanding processability,
allowing them to be fabricated into afterglow plate, as well as
various persistent afterglow patterns (Fig. 3A and B). These
BF,bdk-PhB afterglow plates appear as inconspicuous white glass
plates under daylight but exhibit intense blue fluorescence under
a 365 nm lamp (Fig. 3A). After removing the lamp, they can
display bright yellow-green afterglow. Moreover, when using
different pre-designed masks, these afterglow plates can exhibit
yellow-green afterglow with different patterns after the excitation
source is removed, demonstrating potential applications in the
display sector (Fig. 3B).

In conclusion, through systematic molecular design and
strategic incorporation into protective organic matrices, we have
successfully developed a series of high-brightness and long-lived
organic room-temperature afterglow materials. By modulating
the structure of the BF,bdk molecules and manipulating their
afterglow performance, achieving afterglow materials with
PLQY > 40% and afterglow lifetime around 1 s. Our findings
underscore the significance of suitable excited state transitions,
diverse excited state species, small singlet-triplet energy gaps,
and strong dipole-dipole interactions in the realization of high-
performance afterglow materials. These materials not only
advance the fundamental understanding of organic room-
temperature afterglow materials but also open up new avenues
for their practical applications in advanced anti-counterfeiting,
information encryption, and display technologies.
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