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We report a multi-resonant thermally activated delayed fluorescent
(MRTADF) afterglow emitter with unprecedented long emission
lifetime > 100 ms, full-width at half-maximum < 40 nm, and
deep-blue emission color of CIEy at 0.048. Such emitters remain
rarely achieved and would show potential applications in multi-
plexed bioimaging and high-density information encryption.

Room-temperature phosphorescence (RTP) and organic after-
glow materials feature long-lived excited states'™'° and display
applications in high-contrast bioimaging (negligible back-
ground fluorescence in time-gated imaging mode),"*™* oxygen
sensing and mapping (based on organic triplets’ sensitivity
towards molecular oxygen),"*'® and advanced anticounter-
feiting and information encryption (on the basis of afterglow
patterns/colours and their changes after ceasing excitation
source).’” 2 It has been reported that multiplexed bioimaging
requires the use of narrow-band luminescent probes to mini-
mize spectral crosstalk.>’?* In the aspect of optical anticoun-
terfeiting and information encryption, the realization of high-
density information storage relies on narrow-band emitters to
address the issue of “spectral crowding”.>*>® However, despite
the tremendous development of the field of organic afterglow
materials in the past decade,'° most of the reported afterglow
emitters exhibit broad emission bands with full-width at half-
maximum (FWHM) larger than 50 nm and even around
100 nm. Such emission spectral broadening is mainly caused
by two factors: (1) vibronic coupling between excited states and
ground states; (2) structural relaxation of excited states.

The multiple resonance effect has been reported to enable
the localization of the HOMO and LUMO on different atoms,
reduce the vibronic coupling and consequently narrow the
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emission spectra.>’ > Recent studies have shown that multi-
resonant thermally activated delayed fluorescent (MRTADF)
emitters serve as promising candidates for developing high-
quality and energy-saving OLED displays. It is noteworthy that
such MRTADF emitters of narrow-band emission possess
reverse intersystem crossing rate (kgisc) of 10° to 10° s~ .27 32
It is well known that large kgisc is required to avoid efficiency
roll off of OLED displays at relatively high luminance. However,
large kgisc of 10° to 10° s™' means short delayed fluorescence
lifetimes of 10 ° to 102 s, which is detrimental to the fabrica-
tion of afterglow materials with emission lifetimes longer than
100 ms. Recent studies on TADF-type organic afterglow by us
and others reveal that the requirement of kgisc in afterglow
material design is the opposite to that in OLED display fabrica-
tion; moderate kg;sc of 107" to 10" s~ is favored for the design
of TADF-type afterglow materials.>**® Probably because of this,
despite the fact that many narrow-band MRTADF emitters for
OLEDs have been reported, MRTADF-type organic afterglow
materials with emission lifetimes > 100 ms and narrow-band
emission remain rarely explored.

The key to achieving narrow-band MRTADF-type organic
afterglow is to use a MRTADF emitter featuring moderate krisc
of 107" to 10" s™', which is a prerequisite for the realization of
long emission lifetimes > 100 ms. Given that most organic
systems in the absence of heavy atom effects and benzo-
phenone functional groups possess phosphorescence rates
(kp) of 1072-10% s, such moderate kg;sc is sufficient to open
the TADF pathway for converting organic triplets into singlets.
Another key point is the employment of suitable crystalline or
glassy matrices to reduce organic triplets’ nonradiative decay
rate (kn;) and oxygen quenching rate (k;) to small values <
kRISC-39_43

Here we report the emergence of MRTADF-type organic
afterglow via doping 10-phenylacridone (compound 1) into a
phenyl benzoate (PhB) matrix (Fig. 1a). The resultant afterglow
materials exhibit narrow-band emission with FWHM of 38 nm,
deep-blue emission color of CIEy at 0.048, and long emis-
sion lifetime of 0.2 s. By incorporating 1 into the emulsion

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-8176-6205
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cc04012g&domain=pdf&date_stamp=2023-09-26
https://doi.org/10.1039/d3cc04012g
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc04012g
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC059082

Open Access Article. Published on 19 September 2023. Downloaded on 2/12/2026 12:01:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

(b) o Je=sss0mTem” UV~vis |40
™™ Fluor. 2
PLQY = 52%
+=533ns

FWHM = 35 nm

£/10° M em™
o N » o @

Compound 1 PhB

350 400 450 500 550 600
Wavelength / nm

(c)

1-PhB-Steady-state emission (d)
[™™ 1-PhB-Delayed emission

+ 1-PhB-0.001%-406 nm

ion
o

FWHM =38 nm KUl

Intensity / a.u.

7= 31 ms (7.6%)
7, =199 ms (92.4%)

Normalized Emiss
°
2

250 500 750 1000 1250 1500
Time / ms

400 450 500 550 600 650 700
Wavelength / nm

Fig. 1 (a) Structure of 1 and PhB. (b) UV-vis absorption (not normalized)
and steady-state emission spectra (36.8 uM, excited at 365 nm) of 1 in
dichloromethane. (c) Room-temperature steady-state and delayed emis-
sion spectra (1 ms delay) and (d) emission decay (monitored at 406 nm) of
the 1-PhB-0.001% solid sample excited at 365 nm.

polymerization system, narrow-band deep-blue aqueous afterglow
dispersion can be obtained, displaying promising applications.

Compound 1 (purchased from Leyan Company, Shanghai)
was purified by recrystallization in spectroscopic grade
dichloromethane/n-hexane. Its high purity was confirmed by
HPLC (Fig. S1, ESIt). The solution of 1 in dichloromethane
exhibits a UV-vis absorption maximum at 394 nm (¢ = 9.99 X
10> M™' ecm™") and deep-blue emission (under 365 nm UV
lamp) with ., at 406 nm (FWHM, 35 nm; 1g, 5.33 ns) and
photoluminescence quantum yield (PLQY) of 52% (Fig. 1b and
Fig. S2, ESIt). The absorption and fluorescence spectra obey the
mirror image rule (Fig. 1b), with small Stokes shift of 750 cm ™"
estimated from spectral maxima.

Single-component 1 samples don’t show room-temperature
afterglow either in solution or the solid state (Fig. S3, ESIT).
Recent studies by us and others have demonstrated that, in
two-component afterglow systems, suitable organic matrices
assist luminescent dopants’ intersystem crossing (ISC) and
protect dopants’ triplet excited states from nonradiative decay
and oxygen quenching.’*® PhB crystalline matrices, which
also don’t show room-temperature afterglow (Fig. S4, ESIT),
have a melting point of around 70 °C and thus can protect
dopants’ triplets by the rigid environment at room tem-
perature.*>** PhB has a high T, level (approximately 3.4 eV
estimated by TD-DFT, Text S1, ESIt), which can resist excited
state energy transfer from dopant to matrix and subsequent
afterglow quenching.’*>** Upon doping 0.001 wt% 1 into
PhB, the resultant 1-PhB-0.001% solid sample exhibits deep-
blue afterglow under ambient conditions (Fig. 1c). Room-
temperature delayed emission spectra (1 ms delay, excited at
365 nm) show narrow emission band at 406 nm with CIE
coordinates (0.158, 0.048) and small FWHM of 38 nm (Fig. 1c
and Fig. S5 and Text S2, ESIT). The PLQY of the 1-PhB-0.001%
sample has been measured to be 19.4%. The emission lifetime
can be fit into double-exponential decay with 7; = 31 ms (7.6%)
and 7, = 199 ms (92.4%) (Fig. 1d), where the t, part is
responsible for the deep-blue afterglow. The 1-PhB-0.01% sam-
ple has similar photophysical properties (Fig. S6, ESIT) to the
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1-PhB-0.001% sample. Other matrices such as benzoic acid,
boric acid, and 4-methoxybenzophenone were tested, but the
resultant 1-matrix samples showed weak room-temperature
afterglow and the afterglow color is cyan rather than deep-
blue (Fig. S7, ESIY).

It is noteworthy that the steady-state emission spectra of the
1-PhB-0.001% sample almost coincide with the delayed emis-
sion spectra (excited at 365 nm, Fig. 1c). In the literature, there
are only several instances exhibiting the coincidence of steady-
state and delayed emission spectra. (1) Excited state energy
transfer from the afterglow donor to the fluorescence acceptor
can give rise to spectral coincidence,*” which only occurs when
the afterglow donor is sufficiently excited. PhB matrices show
no absorption at 365 nm (Fig. S4, ESIT), so the energy transfer
mechanism is not the case here. (2) Intermolecular charge
transfer and retarded charge recombination in donor-acceptor
systems have been reported to show organic long persistent
luminescence (OLPL) with identical steady-state and delayed
emission spectra.’® The PhB matrix has a low-lying HOMO
(—6.43 eV, Fig. S8, ESIf) and high-lying LUMO (—2.01 eV)
compared to 1 (—5.53 eV and —2.61 eV, Fig. S9, ESIt), so the
OLPL mechanism should be absent here. (3) Organic systems
with strong ISC, such as the benzophenone system, would
exhibit identical steady-state and delayed emission spectra.*>*’
This is not the case here, as revealed by variable temperature
delayed emission spectra (vide infra). (4) The impurity mechanism
may give spectral coincidence between the steady-state and
delayed emission spectra.*® Here 1 has high purity as con-
firmed by HPLC (Fig. S1, ESIt). 1 and PhB matrices don’t show
room-temperature afterglow (Fig. S3 and S4, ESIT). Besides, the
excitation spectra of the 1-PhB-0.001% sample exhibit similar
maxima to 1’s UV-vis absorption spectra (Fig. S10, ESIt). The
UV-vis spectra show an electronic absorption property of 1,
while excitation spectra reveal the absorption property of the
luminescent component in the system. The match between the
UV-vis and excitation spectra suggests that the luminescent
property originates from 1 rather than impurities. Moreover,
the mirror image of the UV-vis and emission spectra in the 1
system also support that the luminescent property here is
exclusively from 1 dispersed in PhB matrices.

To further investigate the afterglow mechanism, variable
temperature delayed emission spectra (1 ms delay) have been
collected (Fig. 2a). At 77 K, the 1-PhB-0.001% sample shows
bluish green afterglow (Fig. 2a and Fig. S11, ESIf), and the
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Fig. 2 (a) Variable temperature delayed emission spectra (1 ms delay) of
the 1-PhB-0.001% sample. The inset shows its afterglow photograph at
77 K. (b) Proposed TADF afterglow mechanism of the 1-PhB-0.001%
sample.
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delayed emission band at 464 nm can be assigned as phos-
phorescence decay of 1’s triplets; the T, level was obtained from
the phosphorescence maximum to be 2.67 eV. The phosphor-
escence decay rate (kp) was estimated from the phosphores-
cence lifetime (837 ms, Fig. S12, ESIf) to be 1.2 s
By increasing the temperature, the delayed fluorescence band
at 406 nm (S, level, 3.05 eV) increases and then dominates the
whole delayed emission spectra at 293 K and higher tempera-
ture (Fig. 2a). The delayed fluorescence is exclusively attributed
to thermally activated delayed fluorescence (TADF), since tri-
plet-triplet annihilation (TTA that can also give rise to delayed
fluorescence) should be absent at such low doping concen-
tration of 0.001 wt%.*° Based on temperature-dependent emis-
sion decay, the Arrhenius plot of the kgysc gives an experimental
AEgy of 0.39 eV (Fig. S13, ESIT), which agrees with the experi-
mental results obtained from fluorescence and phosphores-
cence maxima (0.38 eV). Power-dependent delayed emission
spectra at room temperature (Fig. S14, ESIt) show a quasi-linear
relationship between delayed fluorescence intensity and excita-
tion power further confirming the TADF-type afterglow mecha-
nism. The 1-PhB-0.001% sample under ambient conditions
exhibits 7; = 31 ms (7.6%) and 7, = 199 ms (92.4%), as shown
in Fig. 1d. The 1, part, which is largely overestimated,
originates from prompt fluorescence and the accurate value
has been obtained by a picosecond pulse laser to be 3.36 ns
(Fig. S15, ESIt). The 7, part originates from TADF afterglow,
from which kgisc was roughly estimated to be 10°-10" s™*. The
rigid crystalline PhB matrices, as well as intermolecular inter-
action between 1 and PhB, efficiently protect 1’s triplets from
quenching. With the suppressed k,,; and kq, the moderate kg;sc
can explain the emergence of TADF afterglow with 0.2 s lifetime
under ambient conditions (Fig. 2b).

Conventional TADF emitters with AEgp of around 0.2 eV or
lower for OLEDs usually possess kgisc of 10° to 10° s . It has
been reported that the increase of AEgr by 0.1 eV would result
in the decrease of kgisc by approximately 100-fold.>" Here, the
moderate AEgy value (0.38 eV) agrees with the observation of
TADF-type afterglow with moderate kgisc of 10°-10" s~ under
ambient conditions. To gain a further insight, we conduct a
theoretical investigation (Tables S1-S8, ESIf). 1 in dichloro-
methane was simulated utilizing the polarizable continuum
model (PCM). The geometry structures and frequency analyses
of the ground and excited states of 1 have been obtained by DFT
and TD-DFT methods, employing the TPSSh functional and the
6-31+G(d,p) basis set.”® For ISC, the electronic energies
and spin-orbit coupling matrix elements (SOCMEs) have been
calculated by the ORCA 5.0.3 program with spin-orbit mean-
field methods at the STEOM-DLPNO-CCSD/def2-TZVP theore-
tical level based on the optimized geometries. Using the
simplified formula proposed by Kaji and coworkers,”>"* the
fluorescence decay rate of the S; state (kg) is calculated to be
3.05 x 10% s' (Table S5, ESIt), which is consistent with the
experimental result (0.97 x 10® s7') in dichloromethane. The
S;-to-T; ISC rate is calculated by Marcus theory to be 1.19 X
10” s, which allows the population of 1’s triplets. According
to our previous study,®*® PhB matrices can also assist the
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population of dopants’ triplets via dipole-dipole interactions
(PhB’s ground state dipole moment, 2.02 debye; 1’s S; state
dipole moment, 17.36 debye; Fig. S16, ESIt). kgisc at 300 K is
calculated by Marcus theory to be 6.62 s, which also agrees
with experimental observations. Given that the experimental kp
is 1.2 57, such kgisc is enough to enable TADF-type afterglow
with emission lifetime > 100 ms under ambient conditions
where the nonradiative decay and oxygen quenching of 1’s
triplets are suppressed in the rigid PhB matrices.

The narrow-band emission of the 1-PhB-0.001% sample can
be attributed to the multiple resonance effect of the nitrogen
atom and carbonyl group on compound 1 (Fig. 1a); such
arrangement reduces vibronic coupling between the excited
states and ground states (Fig. S9, ESIT).””* Besides, the
relatively rigid structure of compound 1 restricts structural
relaxation of the excited states, which can also narrow the
emission band (Text S2, ESIt). Narrow-band MRTADF-type
organic afterglow materials with emission lifetime > 100 ms
have been rarely reported in the literature, despite the fact that
many narrow-band MRTADF emitters (with emission lifetime of
107° to 1072 s) have been developed for OLED devices.

To explore the function of the present MRTADF afterglow
system, we prepare aqueous afterglow dispersions in view
of their promising biomedical applications.">™® Most of the
reported methods for aqueous afterglow material fabrication
are based on mechanical processing of solid-state afterglow
materials, which would disrupt the rigid environment for the
protection of organic triplets and cause a drastic loss of after-
glow performance. Here, we introduce 1 into the emulsion
polymerization system to prepare an aqueous afterglow disper-
sion (experimental details in the ESI¥).>**> The resultant
1-PMMA emulsion inherits the narrow-band deep-blue
MRTADF-type organic afterglow property of 1, exhibiting a
delayed emission band at 409 nm with FWHM of 40 nm at
room temperature (Fig. 3a). The emission lifetime of the
1-PMMA emulsion can be fit into double-exponential decay
with t; =78 ms (19.5%) and t, = 400 ms (80.5%) (Fig. 3b); glassy
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Fig. 3 (a) Room-temperature steady-state and delayed emission spectra
(1 ms delay) and (b) emission decay curve (monitored at 409 nm) of
the 1-PMMA emulsion excited at 365 nm. (c) Hydrodynamic diameter
distribution of the 1-PMMA emulsion estimated by DLS. (d) Room-
temperature delayed emission spectra (1 ms delay) of the 1-PMMA
emulsion excited at 405 nm.
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PMMA latex protect 1’s triplets. Dynamic light-scattering (DLS)
measurement shows that the average hydrodynamic diameter
of the 1-PMMA emulsion is 78 nm with a polydispersity index of
0.058 (Fig. 3c). Given the small Stokes shift of compound 1, we
use 405 nm visible light to excite the 1-PMMA emulsion. The
afterglow photograph shown in Fig. 3d and delayed emission
spectra (excited at 405 nm) demonstrate the visible-light-
excitable property of the 1-PMMA emulsion with a deep-blue
afterglow band at 409 nm and FWHM of 40 nm (Fig. 3d). Such
MRTADF afterglow emulsion in an aqueous medium would
display potential bioimaging applications.

In summary, we achieve narrow-band deep-blue MRTADF-
type organic afterglow by doping 1 into small organic crystal-
line matrices or glassy PMMA emulsion latex. These MRTADF
afterglow materials possess emission lifetimes longer than
100 ms, which is among the highest values in the reported
MRTADF emitters. In the field of organic afterglow materials,
narrow-band MRTADF afterglow materials have been rarely
reported, which would show potential applications in multi-
plexed bioimaging and high-density information encryption.
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