¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Boosting organic afterglow efficiency via triplet—
triplet annihilation and thermally-activated
delayed fluorescencey

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2022,
10, 4795

Jiulong Zhang,i Jiuyang Li,& Xun Li, Shou Yuan, Yan Sun, Yunlong Zou,
Yingtong Pan and Kaka Zhang‘2'*

Due to the spin-forbidden nature of organic phosphorescence, it is challenging to achieve high afterglow
efficiency in room-temperature organic afterglow systems, especially for those with long afterglow emission
wavelengths. Here we report the incorporation of triplet—triplet annihilation (TTA) and thermally-activated
delayed fluorescence (TADF) mechanisms to significantly enhance the organic afterglow efficiency in dopant—
matrix systems under ambient conditions. Difluoroboron B-diketonate (BF,bdk) compounds are selected as
luminescent dopants and designed with naphthalene functional groups to show a relatively strong tendency of
intersystem crossing. 4-Methoxybenzophenone matrices are employed to facilitate intersystem crossing of
BF,bdk excited states via dipole—dipole interactions and meanwhile suppress nonradiative decay and quenching
of BF,bdk triplet excited states. Besides phosphorescence decay, the dopant—matrix systems exhibit additional
pathways to harvest triplet energies via TTA and TADF, leading to the significant improvement of the organic
afterglow efficiency. The afterglow materials can be melt-cast into desired shapes, can function as multicolor-
encoded anti-counterfeiting objects, and can be processed into aqueous dispersions, which display
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Introduction

Manipulation of triplet excited states is of vital importance in
diverse aspects of photofunctional systems such as room-
temperature phosphorescence (RTP),'” aggregation-induced
emission,® triplet-triplet annihilation (TTA),”"> thermally acti-
vated delayed fluorescence (TADF),"®>* and organic afterglow
materials.>* > Recent years have witnessed very exciting
advancements of room-temperature organic phosphorescence
and afterglow materials, because these materials exhibit intri-
guing applications in microenvironment oxygen sensing, anti-
counterfeiting, optical storage, bioimaging and sensors.>*"*
However, due to the spin-forbidden nature of phosphores-
cence, it remains a formidable task to achieve high afterglow
efficiency (emission lifetime > 0.1 s) in purely organic systems.

Pioneering studies have shown that judicious molecular
design, aggregation state control, and supramolecular
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background-free bioimaging properties.

assembly can be used to control the properties of triplet excited
states and improve the organic afterglow efficiency.**™’
Recently, two-component dopant-matrix design strategies have
been reported by our research group and others to exhibit
strong capability in devising high-performance organic after-
glow materials.”*® Through the manipulation of triplet
excited state properties in the dopant-matrix systems, organic
materials with high afterglow efficiency, ultralong afterglow
lifetimes, and intense afterglow brightness have been
achieved.*®® The dopant-matrix strategy also allows a very
flexible choice of both luminescent dopants and organic
matrices, giving rise to diverse organic afterglow materials with
different compositions and intriguing properties.**">> Besides,
two-component donor-acceptor systems based on retarded
charge recombination have been reported to exhibit surpris-
ingly long afterglow durations of up to hours.”*>° These after-
glow systems showed decreased performance when exposed to
ambient conditions because of the instability of photo-
generated radical cations and radical anions. The donor-
acceptor systems have also been extended to the fabrication
of aqueous afterglow materials and efficient afterglow materials
with long emission wavelengths.>”»>

Despite the above success, it is still challenging to fabricate
highly efficient organic afterglow materials under ambient
conditions, especially for those with long afterglow emission
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wavelengths.>*® Fig. S1 (ESIf) illustrates the current status of
the research of organic afterglow materials where only a very
small percentage of organic materials show both high afterglow
efficiency and long emission lifetimes. Fig. S2 (ESIT) exhibits
the chemical structures of selected high-performance organic
afterglow materials, among which the afterglow emission
wavelengths have been found to be mostly restricted to the
range of 400 nm to 550 nm. To date, highly efficient afterglow
materials with long emission wavelengths, for example,
larger than 550 nm or 600 nm, remain rarely reported (Fig. S3
and S4, ESIT).

Besides the population of triplet excited states, harvesting
triplet energies is another key to achieve high afterglow effi-
ciency. Inspired by the fantastic achievements of TTA and TADF
in the area of metal-complex-based systems and OLED research
areas,”>* we conceive that, if the triplet excited states of
organic afterglow systems can be harvested by TTA and TADF
pathways, a drastic enhancement of the organic afterglow
efficiency would result (Scheme 1). Different from conventional
TTA and TADF material design,”>*”%% moderate or modest
rate constants of TTA and TADF (kyra and kpapr) are required to
maintain the afterglow emission lifetimes > 0.1 s; large krra
and krapr lead to drastic shortage of emission lifetimes. Since
organic systems without the presence of heavy atoms typically
possess phosphorescence rate constants (kp) on the order of
1072 to 10° s7*, moderate or modest values of krra and krapr in
the range of 10" to 10" s would be sufficient to open
additional pathways to significantly harvest triplet energies
and improve the afterglow efficiency (Scheme 1).

On the basis of the above consideration, here we
design naphthalene-containing BF,bdk luminescent dopants
with relatively strong tendency of intersystem crossing and
relatively low energy levels of excited states (Scheme 2). 4-
Methoxybenzophenone (MeOBP) matrices are used to stabilize
the singlet excited states of BF,bdk via dipole-dipole interac-
tions, reduce AEgyr given that the energy level of BF,bdk triplets
is less affected by organic matrices, and consequently facilitate
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Scheme 1 Enhancing organic afterglow efficiency in dopant—matrix sys-
tems via TTA and TADF mechanisms.
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Scheme 2 Synthesis of naphthalene-containing BF,bdk luminescent
compounds via a cascade reaction and further modification.

both forward and reverse intersystem crossing of BF,bdk
excited states. At the same time, the organic matrices can
suppress nonradiative decay of BF,bdk triplets by their rigid
microenvironment and protect BF,bdk triplets from oxygen
quenching by encapsulation. Because of the relatively large
population of triplet excited states, TTA processes in NPhBF,-
MeOBP, NoNBF,-MeOBP and NBNBF,-MeOBP afterglow sys-
tems can be switched on to enhance the afterglow efficiency. It
has been found that NPhRedBF,-MeOBP afterglow materials
exhibit a TADF-type organic afterglow mechanism with high
efficiency and an emission wavelength of >600 nm. The
organic afterglow materials have been found to display excel-
lent processability into desired shapes and aqueous disper-
sions, which exhibit promising characteristics for advanced
anti-counterfeiting and high-contrast bioimaging applications.

Results and discussion

Design and synthesis of naphthalene-containing BF,bdk
luminescent compounds

The naphthalene system is known to possess high quantum
yields of intersystem crossing (®;sc) but relatively small molar
absorption coefficient. In view of these, we decorate naphtha-
lene substrates with BF,bdk functional groups by the cascade
reaction developed in our recent studies (Scheme 2)*%* to
enhance their absorption in visible regions and maintain their
high @;5c. The cascade reaction of aromatic substrates in acetic
anhydride and boron trifluoride diethyl etherate is very simple
and straightforward, which can be successfully performed even
without the use of Schlenk techniques. The naphthalene-

This journal is © The Royal Society of Chemistry 2022
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containing BF,bdk luminescent compounds have been obtained
with reasonable isolation yields. NPhBF, compounds were further
allowed to react with 4-dimethylaminobenzaldehyde to form boron
difluoride hemicurcuminoid compounds with larger aromatic con-
jugation lengths (Scheme 2) and consequently with lower singlet
excited state energy levels for red afterglow materials (vide infra). The
naphthalene-containing BF,bdk luminescent compounds were
structurally characterized by "H NMR, *C NMR, "F NMR, "'B
NMR, LRMS, HRMS, and single crystal X-ray diffraction (Fig. 1A), as
well as UV-vis and steady-state emission studies (see ESIt).

Table 1 summarizes the photophysical properties of the
naphthalene-containing BF,bdk compounds in dilute solu-
tions; UV-vis, emission spectra and excited state decay profiles
are shown in Fig. S5-S7 (ESIt). NPhBF,, NauNBF, and NBNBF, in
dichloromethane solutions show UV-vis absorption bands in
the range of 360 nm to 460 nm (Fig. 1B), which can be assigned
to intramolecular charge transfer (ICT) transition from aro-
matic groups to the dioxaborine moieties.®*** TD-DFT calcula-
tions, which show typical ICT characteristics in S; states,
support these assignments (Fig. 1C). Given that the LUMO
levels of the naphthalene-containing BF,bdk compounds are
fixed by dioxaborine functional groups, the absorption of
naphthalene-containing BF,bdk compounds in the visible
regions can be attributed to the electron-rich nature of
naphthalene functional groups. By extending the conjugation
lengths of the naphthalene-containing electron-donating func-
tional groups, NPhRedBF, compounds have been found to
exhibit intense absorption bands ranging from 400 nm to
600 nm (Fig. 1B and C). Steady-state emission studies show
that NPhBF,, NoNBF, and NPBNBF, in dichloromethane
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Fig.1 (A) Single crystal structure of NPhBF,. (B) UV-vis spectra of
naphthalene-containing BF,bdk in dichloromethane solutions. (C) TD-
DFT calculated results of NBNBF, and NPhRedBF, S, states. Blue and
green isosurfaces correspond to hole and electron distributions, respec-
tively. TD-DFT calculations were performed in the ORCA 4.2.1 program
with the B3LYP functional and def2-TZVP(-f) basis set. (D) Steady-state
emission spectra of naphthalene-containing BF,bdk in dichloromethane
solutions.
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Table 1 Photophysical data of naphthalene-containing BF,bdk solutions
at room temperature

Entry Jabs (MM)  Aem (nm) 7 (nS) (%)
NPhBF, in dichloromethane 400 518 5.5 9.4
NPhBEF, in tetrahydrofuran 391 493 8.6 35.1
NaNBF, in dichloromethane 396 524 6.5 8.4
NoNBF, in tetrahydrofuran 386 494 8.5 33.9
NBNBEF, in dichloromethane 402 529 5.7 5.9
NBNBF, in tetrahydrofuran 394 500 9.2 30.4
NPhRedBF, in dichloromethane 528 618 0.9 15.5
NPhRedBF, in tetrahydrofuran 516 606 1.1 21.4

solutions possess broad emission bands in the range of 425 nm
to 650 nm, while NPhRedBF, display 550-750 nm emission bands
with maxima at 606 nm (Fig. 1D and Fig. S6, ESI{).

Afterglow material fabrication via a dopant-matrix design
strategy

The naphthalene-containing BF,bdk powders in the present
study exhibit bright fluorescence upon excitation but show no
room-temperature afterglow after removal of the excitation
source (Fig. S8, ESIf). A dopant-matrix design strategy has
been used for the fabrication of organic afterglow materials.
Diverse organic matrices have been tested (Scheme 2B). The
materials obtained by doping NSNBF, into MeOBP show the
most significant afterglow properties with relatively high after-
glow brightness and long afterglow durations (Fig. S9, ESIt);
MeOBP matrices alone show insignificant room-temperature
afterglow (Fig. S10, ESIt). Therefore, the organic matrices were
fixed as MeOBP for the preparation of afterglow materials in the
following studies. It is found that afterglow materials prepared
by melt casting exhibit better afterglow performance than those
obtained by a grinding method (Fig. 2, Fig. S11-S14, ESI¥). The
melt-cast NPhBF,-MeOBP, NouNBF,-MeOBP, and NBNBF,-
MeOBP materials exhibit orange afterglow, while NPhRedBF,—
MeOBP materials display orange red afterglow under ambient
conditions (Fig. S14, ESIt). At 77 K, the naphthalene-containing
BF,bdk powders show weak afterglow (Fig. S15, ESIt), whereas
the BF,bdk-MeOBP samples at 77 K exhibit significant organic
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Fig. 2 Photographs of (A) NPhBF,—MeOBP-0.5%, (B) NaNBF,—-MeOBP-
0.5% and (C) NBNBF,—MeOBP-0.5% afterglow materlals under 365 nm UV
light and after removal of the UV light.
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afterglow (Fig. S16, ESIt). These observations indicate the
successful fabrication of afterglow materials by the dopant-
matrix design strategy.

Photophysical studies of the BF,bdk-MeOBP materials have
been performed (Table 2 and Table S1, ESIt). NPhBF,-MeOBP,
NoNBF,-MeOBP, and NPNBF,-MeOBP materials display
450-650 nm emission bands in the steady-state fluorescence
spectra. The delayed emsision spectra show 550-750 nm phos-
phorescence bands and 450-530 nm delayed fluorescence
bands with identical emission maxima to the fluorescence peak
(Fig. 3A-C); dual emission has been observed.®> ®” Besides, it is
found that the steady-state fluorescence spectra of NPhBF,—
MeOBP, NoaNBF,-MeOBP, and NBNBF,-MeOBP materials dis-
play red-shifted fluorescence maxima by increasing BF,bdk
doping concentrations (Fig. 3A-C), which suggest molecular
aggregation of BF,bdk in MeOBP matrices via n-n interactions.
The phosphorescence maxima show insignificant changes
upon the variation of the doping concentrations, which agrees
well with the observations in phosphorescence spectra of other
reported systems; the phosphorescence spectra of many
organic compounds are insensitive to the states and the micro-
environments of these organic compounds.®®

The significant room-temperature phosphorescence can be
attributed to the relatively strong tendency of intersystem
crossing of the naphthalene-containing BF,bdk luminescent
compounds. TD-DFT calculations exhibit rich channels of S;-to-
T, intersystem crossing with relatively large spin-orbit coupling
matrix elements (Fig. 3E, F, Fig. S17, ESIt), some of which
possess relatively small AEgr values. Because of the relatively
large population of BF,bdk triplet excited states in the dopant-
matrix systems, it is understandable that the delayed emission
spectra of NPhBF,-MeOBP, NouNBF,-MeOBP, and NBNBF,-
MeOBP materials exhibit 450-530 nm delayed fluorescence
bands (Fig. 3C); NBNBF,-MeOBP materials show the most
significant delayed fluorescence bands (Fig. S18, ESIf). The
relative intensity of the delayed fluorescence bands is found to
increase with the BF,bdk doping concentration, which suggests
the formation of triplet-triplet annihilation in the dopant-
matrix systems. TTA is a bimolecular process and increases
with triplet concentrations. The double logarithmic plot of the
emission decay profile of the NFNBF,-MeOBP-0.5% sample
monitored at 515 nm obeys a power law with a slope of —1.77
(Fig. 3G). With reference to the reported studies, these observa-
tions support that the 515 nm delayed emission bands are
originated from bimolecular TTA processes (Fig. 3H).” ™ It is

Table 2 Photophysical data of BF,bdk—-MeOBP materials at room
temperature

7 (ms) @

Entry Jem (nm) 7 (ms) (DF) (RTP) (%)

NPhBF,-0.5% melt-cast sample 505(TTA) 106(21.2%) 261 60.0
585(RTP) 286(78.5%)

NoNBF,-0.5% melt-cast sample 510(TTA) 181(21.8%) 275 42.2
590(RTP) 352(68.2%)

NBNBF,-0.5% melt-cast sample 515(TTA) 166(31.8%) 250 40.1
(RTP) )

327(68.2%
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also found that the delayed emission spectra of NPNBF,
solution in dichloromethane at 77 K show weak delayed
fluorescence signals in the range of 500 nm to 570 nm
(Fig. S19, ESIt). These observations further support the involve-
ment of TTA in the NSNBF, system.

The total emission of the samples, for example, the NBNBF,-
MeOBP-0.5% afterglow materials, consists of prompt fluorescence,
delayed fluorescence and room-temperature phosphorescence.
Although the fluorescence components are much larger than the
phosphorescence components in the steady-state emission spectra
such as the spectra of NPNBF,-MeOBP afterglow materials as
shown in Fig. 3C, the delayed fluorescence plus phosphorescence
constitute a large percent of the total emission as estimated from
the intensity integral of both fluorescence and phosphorescence
decay (Fig. S20, ESIt). The emission decay profiles of NBNBF,-
MeOBP-0.5% afterglow materials monitored at 515 nm and 595 nm
have been collected by TCSPC techniques (Fig. S20, ESIt). The
emission decay of NSNBF,-MeOBP-0.5% afterglow materials mon-
itored at 515 nm can be fit into a triple-exponential decay with 7, of
30 ms (16.5%), 7, of 203 ms (52.5%) and 75 of 681 ms (31.0%) (Fig.
$20, ESIY). Similar to the reported studies,'*®> the prompt fluores-
cence lifetimes (the 7; part) measured using a microsecond flash
lamp are in millisecond regimes. The accurate lifetimes of prompt
fluorescence of NPBNBF,-MeOBP-0.5% afterglow materials have
been measured using a picosecond pulsed diode laser to be t; =
1.9 ns (29.5%) and 1, = 6.5 ns (70.5%) (Fig. S20, ESI). The 7, and 1,
parts can be assigned to delayed fluorescent components, which
constitute 83.5% of the total fluorescence. The emission decay
monitored at 595 nm can be fit into a triple-exponential decay with
7, of 3.7 ms (1.5%), 1, of 77.9 ms (22.3%) and t; of 289 ms (76.2%)
(Fig. S20, ESIf). The 7, and t3 parts contribute to afterglow
behaviors, which constitute 98.5% of the total phosphorescence
(Text S2, ESIt).

Other BF,bdk-MeOBP materials have also been found to
show long-lived emission characteristics when monitored at
RTP and TTA regions (Fig. $21-S24, ESIt). The photolumines-
cence quantum yields (PLQYs) of BF,bdk-MeOBP materials
have been measured to be in the range of 40%-60% using a
Hamamatsu absolute PLQY measurement system based on a
standard protocol (Table 2). Fig. S1-S4 (ESIt) show that it is
challenging to achieve highly efficient organic afterglow mate-
rials with long emission wavelengths. The PLQYs and afterglow
lifetimes of the present long-emission-wavelength systems
(Table 2) are among the highest values in the reported studies
(Fig. S1-S4, ESIf). The TTA mechanism that can harvest
triplet energies is of crucial importance to enhance organic
afterglow efficiency.”*® The krra values can be estimated from
the delayed fluorescence lifetimes to be on the order of
10°-10" s, similar to the rate constants of phosphorescence
decay. These moderate krra values are necessary to improve
afterglow efficiency and simultaneously maintain afterglow
lifetimes.

Enhancing red organic afterglow efficiency via TADF

For the fabrication of red organic afterglow materials, molecu-
lar systems with low energy levels of excited states are required.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1tc04903h

Published on 18 January 2022. Downloaded on 11/4/2025 8:04:52 PM.

View Article Online

Journal of Materials Chemistry C Paper
> > >
1z 42 £ 12 10000
A 2 " INPhBF, —0.1%F Bg NaNBF, — 0.1%-F 2 NBNBF, —owr | D NBNBF —1%,520nm
810 ! 9 49 9 -- 01%-P 2 — 1%,595nm
£ £ = 1000
Sos §os8 § c:;
» » » ~ 100
g 06 g 06 g ) 7=129ms (25.8%)
(7]
Woas Y o4 = §410 =308 ms (74.2%)
Q Q Q c
Noz2 N 02 S T
© © @
go.o- £ o0 E
o
Z 450 500 550 600 650 700 750 800 Z 430 500 550 600 650 700 750 8 Z 450 500 55 600 650 700 750 s 1000 2000 3000 4000
Wavelength (nm) Wavelength (nm) Wavelength (nm) Time / ms
SOCME cm! R 5
E 4 3 s, 4 o T F 0.593 o 29506V _ G NBNBF,-515 nm H
o’ @ o9 —— =
B _sa g B 2@ 3 —_— — + S—
ASL A W 48 S e - s
”3‘!{) 0 @ ,:.%(, (5% ,,/u 1379 om’ 28706V 1, > + _1_ .
% o sswev g M —)
) S \0\4 = Slop=-1.77 %
& 3 & 2 1 .188 cm' 5 vV £
dt,/“f T o Ty 26030V -+ = -
o a G b { b. 1
o Q & B v
. o < t&«}%‘ 4 qu&'{('l,u» 941 cm T T S, S,
4% 8 L { g 2209ev o 100 1000
"P») ) 1 Time / ms

Fig. 3 (A-C) The room-temperature emission spectra collected in fluorescence mode and phosphorescence mode (1 ms delay) of (A) NPhBF,—MeOBP,
(B) NaNBF,—MeOBP and (C) NBNBF,—-MeOBP afterglow materials with weight ratios fixed at 0.1%, 0.5% and 1%, respectively. The spectra collected in
fluorescence mode denote steady-state emission spectra. The spectra collected in phosphorescence mode represent delayed emission spectra that
contain both phosphorescence and delayed fluoresence. (D) The room-temperature emission decay of NBNBF,-MeOBP-1% afterglow materials
monitored at 520 nm and 595 nm, respectively. (E) The isosurface maps of NBNBF, singlet and triplet excited states based on the TD-DFT calculated
results. Blue and green isosurfaces correspond to hole and electron distributions, respectively. (F) TD-DFT calculated energy levels of NBNBF; singlet and
triplet excited states and their spin—orbit coupling matrix elements (SOCME). (G) The double logarithmic plot of the room-temperature emission decay
profile of NBNBF,—MeOBP-0.5% afterglow materials monitored at 515 nm. (H) Schematic illustration of the TTA mechanism.

However, due to the energy gap law, all the related photophy-
sical processes such as radiative decay and nonradiative decay
would be increased in the systems with low energy levels of
excited states.®®”"" As a result, the increased nonradiative decay
would compete with radiative decay, and meanwhile the
increase of radiative decay and nonradiative decay would
shorten the emission lifetimes of the organic systems, both of
which are detrimental to the fabrication of highly efficient red
afterglow materials.

In the present study, it is found that NPhRedBF,-MeOBP-
0.01% materials exhibit orange red afterglow under ambient
conditions upon ceasing the excitation source (Fig. S14, ESIT).
The steady-state emission spectra of NPhRedBF,-MeOBP mate-
rials display a fluorescence band in the range of 525 nm-
725 nm with emission maxima at around 600 nm (Fig. 4A).
Interestingly, the room-temperature phosphorescence spectra
show nearly identical delayed fluorescence bands to those of
the steady-state fluorescence spectra, which suggests a TADF
mechanism in the dopant-matrix system. The emission decay
profile as shown in Fig. 4B can be fit into 7; = 33 ms (69.3%),
7, = 117 ms (19.2%), and 13 = 313 ms (11.5%). Afterglow
emission of NPhRedBF,-MeOBP materials can be obtained by
visible light excitation (Fig. S25, ESIt) and 530 nm laser excita-
tion (Fig. S26, ESIt). This indicates that the contribution of
energy transfer from MeOBP triplets to NPhRedBF, dopants is
not necessary for the emergence of organic afterglow in the
NPhRedBF,-MeoBP system,”>’® because MeOBP possesses
insignificant absorption in the visible region (Fig. S27, ESIT).
Besides, at such a low doping concentration, delayed fluores-
cence from TTA should not have such a large contribution to
dominate the whole delayed fluorescence spectra. It is noted
that boron difluoride curcuminoid and hemicurcuminoid

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (A) Room-temperature steady-state emission and delayed emis-
sion spectra of NPhRedBF,-MeOBP afterglow materials at different
doping concentrations. (B) Room-temperature emission decay of
NPhRedBF,-MeOBP-0.01% afterglow materials excited at 365 nm and
monitored at 599 nm. (C) and (D) Schematic representations of (C) energy
levels and spin orbital coupling matrix elements and (D) the proposed
mechanism of organic afterglow in the NPhRedBF,—-MeOBP system.

compounds have been found to show TADF behaviours in
several reported studies.”*””” In addition, due to the presence
of two or multiple electron-donating functional groups, the
types of ICT excited states of NPhRedBF, can be enriched. The
nature of some triplet states may be different from that of the S,
state, so ISC and RISC can be accelerated to some extent
according to the El-Sayed rule. Moreover, TD-DFT calculations,
where multiple ISC channels show relatively larger SOCME
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values and some of these channels possess relatively small AEgy
values, support that the organic systems possess a moderate
tendency of RISC (Fig. 4C, Fig. S28, ESIT). It has been found that
the afterglow colour of NPhRedBF,-MeOBP-0.01% materials at
77 K (red afterglow from phosphorescence decay of triplet
states, Fig. S16D, ESIt) shows red-shifted behaviours when
compared to that at room temperature (orange red, Fig. S14,
ESIt), which suggests that the TADF mechanism is frozen
at 77 K. Similar to the NPhRedBF,-MeOBP materials,
NPhRedBF,-benzophenone materials also exhibit TADF-type
organic afterglow properties under ambient conditions
(Fig. S29, ESIt). The MeOBP matrices showed strong phosphor-
escence from 77 K to 240 K and thus largely interfered with the
temperature-dependent phosphorescence measurements as
reported in our recent study;’® so benzophenone (BP) matrices
were used in the place of MeOBP. At 77 K, the phosphorescence
spectra of NPhRedBF,-benzophenone materials have been
found to exhibit a structured emission band ranging from
630 nm to 850 nm with emission maxima at 658 nm (Fig. 5).
This 630-850 nm emission band can be attributed to phosphor-
escence decay of NPhRedBF, triplets within the benzophenone
matrices. Upon increasing the temperature, the delayed fluores-
cence bands at approximately 580 nm gradually increase and
dominate the whole delayed emission spectra at 300 K (Fig. 5).
These studies further support the TADF mechanism of
NPhRedBF,-matrix afterglow materials, since the RISC process
that is the rate-determining step for TADF is frozen at 77 K and
can be activated at room temperature. All the above observa-
tions and analysis support our proposed TADF mechanism in
the dopant-matrix systems. The triplet excited states can
undergo reverse intersystem crossing to reach singlet excited
states and subsequently emit delayed fluorescence, which can
significantly enhance the organic afterglow efficiency of the red
afterglow systems (Fig. 4D). The krapr values can be estimated
from the delayed fluorescence lifetimes to be on the order of
10°-10% s~ . When compared to the TADF emitters with large
krapr values of 10°-10° s71,1672359:60 the moderate kpapr values
are a distinct feature of the present study different from those

Normalized Emission Intensity

500 600 700 800
Wavelength / nm

Fig. 5 Temperature-dependent  delayed  emission

NPhRedBF,—-benzophenone samples.
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of the TADF emitters for efficient OLEDs. Organic afterglow
systems with moderate krapr values can simultaneously harvest
triplet energies by the TADF mechanism and maintain after-
glow lifetimes. The PLQYs of NPhRedBF,-MeOBP materials at
0.005%, 0.05% and 0.5% doping concentrations have been
determined to be 56.3%, 18.6% and 6.5%, respectively; the
decrease of PLQY upon increasing the doping concentration
can be caused by aggregation of NPhRedBF, molecules in
MeOBP matrices. NPhRedBF,-MeOBP-0.005% afterglow mate-
rials with such high PLQYs have been rarely achieved in the
reported studies (Fig. S1-S4, ESIT).

By increasing the doping concentration, the fluorescence
spectra of the NPhRedBF,-MeOBP materials show the emer-
gence of an even lower-energy emission signal at 631 nm
(Fig. 4A and 6), which can be attributed to molecular aggrega-
tion in the dopant-matrix systems; most BF,bdk systems show
red-shifted emission upon molecular aggregation.®** In the
delayed fluorescence spectra, the lower-energy emission bands
at 631 nm persist (Fig. 4A and 5), indicating that the delayed
fluorescence bands can be readily adjusted by increasing the
doping concentration to red regions.

The role of organic matrices in dopant-matrix afterglow
systems

The role of organic matrices for the emergence of organic
afterglow under ambient conditions is an open question in
the research fields of room-temperature phosphorescence and
organic afterglow systems. It has been reported that triplet-to-
triplet excited state energy transfers from organic matrices to
luminescent dopants can give rise to organic afterglow.”>”® In
the present study, the BF,bdk-MeOBP materials can be excited
by 420 nm visible light to exhibit organic afterglow (Fig. 3A-C).
In particular, in the case of the NPhRedBF,-MeOBP system,
afterglow can be observed by 530 nm excitation (Fig. S26, ESIT).
Since MeOBP possesses insignificant absorption in the visible
region (Fig. S27, ESIt), we argue that triplet-to-triplet excited
state energy transfer is not necessary for the formation of
dopant-matrix afterglow materials in the present systems.

04s 0.7s 10s 13s
UV OFF UV OFF UV OFF UV OFF

04s 06s 08s 10s
UV OFF UV OFF UV OFF UV OFF
16s 20s
UV OFF UV OFF

Fig. 6 Photographs of afterglow objects with desired shapes prepared by
the melt casting technique of (A) NPhRedBF,-MeOBP-0.01%,
(B) NPhRedBF,-MeOBP-0.1% and (C) (left—right) NPhRedBF,-MeOBP-
0.01%, NaN—-MeOBP-0.5% and NBNBF,—MeOBP-0.5% under 365 nm UV
light and after removal of the UV light.
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Several recently reported studies proposed that organic
matrices with T; levels sandwiched between S; and T, levels
of luminescent dopants can serve as bridges for the singlet-to-
triplet intersystem crossing of the luminescent dopants, giving
rise to room-temperature organic afterglow.*®>! This is not the
case in the present study, because the naphthalene-containing
BF,bdk luminescent dopants, especially in the NPhRedBF,
system, possess lower S; and T; levels than the T, level of
MeOBP matrices. With reference to the studies of Adachi’s
group and our research group, a high T, level of organic
matrices is necessary to avoid afterglow quenching caused by
triplet-to-triplet energy transfer from luminescent dopants to
organic matrices.®>”°

On the basis of our previous study and the current
findings, we propose that the MeOBP matrices with large dipole
moments can interact with and perturb the excited states of
naphthalene-containing BF,bdk luminescent dopants via
dipole-dipole interactions. These interactions can stabilize
the singlet excited states of the luminescent dopants and
consequently reduce AEgr given that the energy level of BF,bdk
triplets is less affected by organic matrices, leading to the
enhancement of intersystem crossing of BF,bdk excited states;
in the case of NPhRedBF,, reverse intersystem crossing can also
be enhanced. Meanwhile, the MeOBP matrices can inhibit
nonradiative decay of BF,bdk triplets by their rigid microenvir-
onments and protect BF,bdk triplets from oxygen quenching by
encapsulation. This is our understanding on the role of organic
matrices for the fabrication of dopant-matrix afterglow materi-
als. In control experiments without the presence of MeOBP
matrices, the TADF property of NPhRedBF, has not been
observed in the solution state (Fig. S30, ESIT).

52,61,62

Functionalities of the dopant-matrix afterglow materials

Because of the relatively low melting points of MeOBP matrices,
the afterglow materials can be processed into objects with
desired shapes by the melt casting technique with the aid of
silicone moulds (Fig. 2, 6 and Fig. S31, ESIT). Fig. 6C shows the
combination of afterglow numbers with different emission
colours prepared from NPhRedBF,-MeOBP-0.01%, NoN-
MeOBP-0.5% and NPBNBF,-MeOBP-0.5% materials, where
NoN represents 6-methoxy-1,2’-binaphthalene. By taking
advantage of the different shapes, different afterglow colours
and different afterglow duration times, the combination of
these materials shows the potential for the fabrication of
multicolour-encoded anti-counterfeiting labels or devices.>**

For most biomedical applications, the afterglow materials
should be processed into aqueous dispersions. However, it is
found that, in many reported studies, these processing proce-
dures can lead to a significant decrease or complete loss of the
afterglow properties in the material systems. In the present
study, we were inspired by the widely used technique for the
preparation of emulsions and suspensions. Pluronic F-127
surfactants have been used to disperse hydrophobic NBPNBF,—
MeOBP materials. Since the NBNBF,-MeOBP materials are in
solid states at room temperature, we first melt the materials by
heating to 65 °C and then inject the molten samples into a hot

This journal is © The Royal Society of Chemistry 2022
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UV OFF

UV OFF

Fig.7 (A) and (B) Photographs of (A) NBNBF,-MeOBP-0.5% and
(B) NBNBF,—MeOBP-0.5% + R6G afterglow dispersion under 365 nm UV
light and after removal of the UV light. (C) and (D) Preliminary bioimaging
studies of the NBNBF,—MeOBP-0.5% afterglow dispersion in living (C) fish
and (D) mice.

aqueous solution (80 °C) of Pluronic F-127 surfactants under
sonication. It is found that the sonication can efficiently dis-
perse the molten samples into very small droplets that can be
stabilized by Pluronic F-127 surfactants to form a milky disper-
sion. The hot milky dipsersion exhibits fluorescence properties
under 365 nm UV light but shows no afterglow upon swithching
off the UV light; in the molten state, the molecular motion of
NBNBF, should be very active, so nonradiative decay can
quench the triplet states of NSNBF, molecules. After rapid
cooling, the aqueous dispersion displays orange afterglow with
a duration of 1.6 s as observed by human eyes in a dark room
(Fig. 7A). These observations indicate that, by the processing
methods in the present study, an aqueous disperison of room-
temperature organic afterglow materials can be readily
obtained without the use of organic solvents or expensive
equipment.

Due to their long-lived emission characteristics, the capabil-
ity of NBNBF,-MeOBP afterglow dispersions in avoiding the
interference of background fluorescence has been tested. Rho-
damine 6G has been added to the afterglow dispersions of
NBNBF,-MeOBP materials. In the UV-on state, only yellow
fluorescence from rhodamine 6G has been observed. In the
UV-off state, the yellow fluorescence disappears immediately,
whereas the aqueous dispersion exhibits orange afterglow that
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is originated from NBNBF,-MeOBP materials (Fig. 7B). These
observations indicate that the aqueous afterglow materials
possess intriguing properties to eliminate background inter-
ference via a time-gated imaging mode. Furthermore, prelimin-
ary in vivo bioimaging studies have been performed. The
aqueous afterglow dispersion can be readily drawn by syringes
and injected into animal tissues. After injecting into fish tails,
the bioimaging is found to be interfered with by the fluores-
cence from the anal fin in the UV-on mode, while this inter-
ference can be completely removed in the UV-off mode where
only NPNBF,-MeOBP materials show afterglow emission
(Fig. 7C). The preliminary bioimaging studies on mice also
show very clean background in the UV-off state (Fig. 7D). These
studies suggest that, because of their long-lived excited state
nature, the aqueous afterglow materials show promising appli-
cations in biomedical fields.

Conclusions

In conclusion, the present study demonstrates that
triplet-triplet annihilation and thermally-activated delayed
fluorescence mechanisms can be incorporated into organic
room-temperature phosphorescence systems to remarkably
enhance the afterglow quantum efficiency of the material
systems under ambient conditions. A distinct feature of the
present study is the moderate or modest rate constants of
triplet-triplet annihilation and thermally-activated delayed
fluorescence, which can significantly improve the afterglow
efficiency and simultaneously maintain long afterglow
lifetimes.

The molecular design of luminescent dopants is very simple;
naphthalene-containing BF,bdk compounds are selected to
increase the quantum yields of intersystem crossing and molar
absorption coefficients for the significant population of triplet
excited states. The organic matrices with large molecular dipole
moments are also readily available and very cheap. The organic
matrices not only suppress nonradiative decay and quenching
but also facilitate forward and reverse intersystem crossing via
dipole-dipole interactions. These endow great opportunities to
the dopant-matrix design strategy for the fabrication of high-
performance organic afterglow materials.

Because of the flexibility of component selection of the
dopant-matrix design strategy, it is anticipated that diverse
organic afterglow materials with intriguing photophysical prop-
erties can be obtained. We also envisage that these afterglow
materials can be widely used in fields such as data storage and
encryption, as well as high-contrast bioimaging and highly
sensitive optical analyses.

Experimental

Preparation of organic afterglow materials

For the preparation of the BF,bdk-MeOBP materials,
naphthalene-containing BF,bdk in dichloromethane solution
and MeOBP in dichloromethane solution were first added into

4802 | J Mater. Chem. C, 2022,10, 4795-4804
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an agate mortar. After grinding and solvent evaporation,
BF,bdk-MeOBP afterglow powders were obtained. Other after-
glow materials with different doping concentrations, different
BF,bdk dopants and different organic matrices were prepared
through similar processes. For the preparation of melt-cast
afterglow objects with desired shapes, the BF,bdk-MeOBP
powders were first heated to form molten mixtures, and then
poured into silicone moulds with desired shapes. After cooling
to room temperature, afterglow objects with various shapes
were obtained.
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