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Abstract: Developing luminescent probes with long lifetime
and high emission efficiency is essential for time-resolved
imaging. However, the practical applications usually suffer
from emission quenching of traditional luminogens in aggregated states, or from weak emission of aggregation-induced
emission type luminogens in monomeric states. Herein, we
overcome this dilemma by a rigid-and-flexible alternation
design in donor–acceptor–donor skeletons, to achieve a thermally activated delayed fluorescence luminogen with high
emission efficiency both in the monomeric state (quantum
yield up to 35.3 %) and in the aggregated state (quantum yield
up to 30.8 %). Such a dual-phase strong and long-lived
emission allows a time-resolved luminescence imaging, with
an efficiency independent of probe pretreatment and probe
concentration. The findings open opportunities for developing
luminescent probes with a usage in larger temporal and spatial
scales.

Introduction
Fluorescence probing is a widely used method to elucidate
biological functions in complex environments.[1] This technique can visualize cellular structures or molecular targets at
the microscopic level, on account of its high sensitivity and
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high spatial-resolution features.[2] Although the past decades
have witnessed a significant progress in developing diverse
luminogens for imaging,[3] the fluorescence signal of a probe,
which is normally in the nanosecond lifetime scale, can easily
suffer from the high tissue autofluorescence noise.[4] To
overcome this obstacle, time-resolved luminescence imaging
techniques,[5] referring to the introduction of an appropriate
delay time between the pulsed excitation and the measurement of a luminogen, have been developed to eliminate the
short-lived background interference. Among kinds of timeresolved luminescence materials, thermally activated delayed
fluorescence (TADF) luminogens[6] is a superior prototype
due to the metal-free structural design and long-lived
emissive feature. Typically, TADF comes from charge transfer
(CT) systems with a thermally accessible gap between singlet
(S1) and triplet (T1) excited states for facilitating reverse
intersystem crossing (RISC).[7] This makes possible that a long
lifetime emission, usually ranging from microseconds to
seconds, can be distinguished from short-lived autofluorescence by time-gated detection.
Nevertheless, the luminescence characteristic of most
probe is strong in dilute solution within the monomeric state,
but is weakened or even quenched in the aggregated state
because of the aggregation-caused quenching (ACQ) effect.[8]
On the other hand, although other types of molecules, such as
aggregation induced emission (AIE) type luminogens,[9] can
be highly emissive in the aggregated state, their monomeric
emission in dilute solution is often weak due to the nonradiative decay. This dilemma can in practice increase the
uncertainties of imaging, since the luminogens generally
aggregate into different degrees in a complex biological
environment. Despite the existence of some dyes with highly
emission in both diluted solution and aggregated states,[10] to
develop dual-phase (at the monomeric and aggregated level)
emissive luminogens that can also exhibit time-resolved
luminescence characteristic is desired.
In this work, we designed and developed a TADF emitter
with high emission efficiency both in the monomeric and
aggregated state. According to our recent report,[11] a donor–
acceptor–donor (D-A-D) skeleton with 5-acetaminoindole as
a donor and diphenyl sulfone as an acceptor can emit
unambiguous but tunable TADF emission. Inspired by some
emerging fluorescent materials that can emit strongly both in
solution and in the solid state, we realize that a rigid-andflexible alternation in molecular structural design could be
essential.[12] Thus we here modified the indole based D-A-D
molecule by a bilateral amide end group linked with long
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alpha-lipoic alkyl chains, which can serve as highly efficient
initiators for molecular self-assembly in various external
environments for regulating the photophysical properties of
the luminophore.
Eventually, an intense TADF emission was found in the
monomeric state in solution, whereas the TADF signal
remains strong in the aggregate state. The luminogens in the
monomeric or the aggregated states can be individually
employed for time-resolved luminescence imaging, while
their long-lived and high-efficient TADF signal regardless of
the probe concentration. The synthetic routes for the
preparation of the related compounds are outlined in the
Supporting Information, Figure S1. The chemical structure
and the schematic representation of the TADF emission of
compound 3 in the monomeric and the aggregated dual states
are depicted in Figure 1.
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steady-state PL spectra in THF at 300 K and 77 K and the
Supporting Information, Figure S2 exhibits its excitation
spectra. The phosphorescence at 77 K was well-resolved and
revealed a typical vibrational feature, indicating that the
lowest T1 state involved a 3p–p* transition.[13] In contrast, at
room temperature, compound 3 exhibits a broad emission
band, which can be ascribed to an intramolecular chargetransfer transition.[13] Moreover, as seen from Figure 2 b and
the Supporting Information, Figure S3, the PL lifetime under
oxygen-free and air-saturated conditions exhibited secondorder exponential decays with td (the average lifetime of the
delayed component) of 36 ms and 25 ms, respectively, and tp
(the average lifetime of the prompt component) of 4.43 ns and
4.45 ns, respectively. These results well support the existence
of the TADF emission from the 1CT state, which is obtained
through a RISC process from the oxygen-sensitive triplet
states.
The temperature-dependent PL, PL lifetime, and PL
quantum yield of the doped bis[2(diphenylphosphino)phenyl]
ether oxide (DPEPO) film of compound 3 are given in
Figure 2 c, 2 d, and the Supporting Information, Table S1. The
lifetimes of the delayed components are calculated to be
138 ms, 142 ms, and 663 ms at the temperatures of 100 K, 200 K,
and 300 K, respectively, featuring a typical thermal activation
characteristic of the TADF emission.[14] Figure 2 e and Figure S4 show the normalized emission and absorption spectra
in various solvents for featuring the excited state properties.
As compared to the absorption spectra that exhibit a relatively
small shift among different solvents, these emission spectra
show a more obvious red-shift along with the increase of the
solvent polarity. This phenomenon is connected to the CT
nature of its lowest singlet excited state.[15] Consistent with
that, Figure 2 f shows a remarkable change in solvatochromic
luminescent color.

TADF Properties in the Aggregated State

Figure 1. Illustration of the TADF emission at both the monomeric and
the aggregated state. a) Chemical structure of compound 3. b) Representation of a proposed molecular alignment of compound 3 in mixed
DMF/H2O solution.

Results and Discussion
TADF Characteristics in the Monomeric State
We assumed that compound 3 can show TADF characteristics because it has the same D-A-D core as the compound
we reported recently,[11] and then we explored its preliminary
photophysical properties to confirm it. Figure 2 a shows
Angew. Chem. Int. Ed. 2020, 59, 7548 – 7554

DMF/H2O mixed solvents with different water fractions
were firstly employed for the study of aggregation, since
compound 3 has a good solubility in DMF but a poor
solubility in water. As seen from Figure 3 a, compound 3
shows a cyan emission at 487 nm in pure DMF. The emission
intensity is reduced with a bathochromical shift when the
water fraction changed from 0 % to 50 %. In contrast, when
the water fraction continues to increase from 50 % to 99 %,
the emission band significantly blue-shifts to give rise to
a strong blue emission band around 450 nm (see inset also for
luminescent colors in Figure 3 c,d). The initial absorption
band at 339 nm (extinction coefficient: 5.6 X 104 m @1 cm@1) is
split into two bands at 332 nm and 351 nm when the water
fraction above 50 % (Figure 3 b), which is consistent with the
excitation spectra (Supporting Information, Figure S5). The
reason is that the water-induced aggregation processes
causing the alteration of energy, which can also be deduced
from the computational data (Supporting Information, Table S4).
Next, we monitored the PL lifetime (tp with 16.5 ns and td
with 1.4 ms) for the band of 487 nm emitted from pure DMF,
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Figure 2. TADF in the monomeric state. a) PL spectra and b) PL lifetime spectra under oxygen-free and air-saturated conditions of 3 in THF at
300 K and 77 K. c),d) Temperature-dependent c) PL spectra and d) PL lifetime spectra measured from 100 K to 300 K for 6 wt % compound 3:
DPEPO film. e) Normalized emission spectra and f) corresponding photographs of compound 3 in different solvents upon 365 nm excitation. The
concentration of the solution was fixed at 10@5 m . The excitation wavelength of PL spectra and PL lifetime spectra is 340 nm and 337 nm,
respectively.

Figure 3. TADF in the aggregated state. a) Emission spectra upon 330 nm excitation and b) absorption spectra of 3 in DMF/H2O with different
water fractions. c),d) PL lifetime of 3 upon excitation at 365 nm c) in DMF with 99 % water measured at 450 nm and d) in pure DMF measured at
487 nm emission. Insets: photographs of 3 in DMF with 99 % water and in pure DMF under a UV light (365 nm), respectively. e)–g) SEM images
of 3 prepared from DMF with e) 10 %, f) 50 %, and g) 90 % water. h)–j) TEM images of 3 prepared from DMF with h) 0 %, i) 40 %, and j) 99 %
water. Scale bars: e),h) 20 nm; f),g),i),j) 200 nm. The concentration of the solution was fixed at 10@5 m.

and the one (tp lifetime with 3.1 ns and td with 3.6 ms) for the
band of 450 nm appeared in DMF with 99 % water (Figure 3 c,d; Supporting Information, Figure S6). The emission
spectra and PL lifetime spectra in pure DMF and DMF with
99 % water at 77 K are shown in the Supporting Information,
Figure S7. The bands around at 420 nm and 400 nm correspond to the T1 states, which can be proved by the long
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lifetime. The T1 energy of compound 3 in DMF with 99 %
water is higher than in DMF because of the blue-shift. PL
spectra and PL lifetime spectra measured from 77 K to 300 K
for compound 3 in DMF with 99 % water are shown in the
Supporting Information, Figures S8, S9. The intensity of the
latter part with longer decay lifetime in transition PL decay is
improving with the temperature increasing from 77 K to
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300 K (Supporting Information, Table S2), which reveals that
compound 3 in DMF with 99 % water shows TADF characteristics. The quantum yield of 3 in pure DMF solution and in
DMF with 99 % water was obtained as 35.3 % and 30.8 %,
respectively, suggesting the dual-phase strong luminescence.

Proposed Photophysical Mechanism
To further explore the dual-phase TADF behavior, transmission and scanning electronic microscopy (TEM and SEM)
were employed to study the influence of the possible selfassembly pathways. Both SEM and TEM indicate spherical
aggregates when the water fraction is below 50 % (see
Figure 3 e,f,h,i). The DLS exhibits that the size of particles
increasing from 0.7 nm to 40 nm with the increase of water
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fraction from 0 to 40 % (Supporting Information, Figure S10),
in agreement with the information from SEM and TEM. The
spherical particles prepared from 40 % and 50 % water are
relatively homogeneous with a diameter of the particles close
to 200 nm. However, a further increase of the water content
up to 90 % or 99 % led to irregular block nanoarchitectures
(see Figure 3 g,j). Such a two-stage variation in self-assembly
pathways is in good agreement with the change in the optical
spectra, namely, featuring a significant TADF turn-on–turnoff–turn-on process from the monomeric state to the aggregated state (as illustrated in Figure 1 b).
In addition to these results, more representative selfassembly patterns to regulate the photophysical behavior of
compound 3 were observed in THF with different water
fractions. Table S3 shows the PL properties of compound 3 in
DMF/H2O and THF/H2O mixture. As seen from Figure 4 a,

Figure 4. Photophysical mechanism studies. a) Emission spectra upon 365 nm excitation in THF with different water fractions, b) PL lifetime in
THF with 90 % water (the inset shows the prompt component), and c) circular dichroism (CD) spectra of compound 3 in THF with different water
fractions. TEM images of 3 prepared from THF with d) 30 % water, e) 50 % water, and f) 80 % water. Scale bar: 500 nm. g) Emission spectra upon
365 nm excitation of 3 in DMF/H2O with 95 % H2O measured from 263 K to 373 K. h) Powder XRD pattern of film of 3 prepared from DMF/H2O
with 40 % H2O and 95 % H2O. i) Jablonski diagram for a proposed dual-phase TADF mechanism of 3. The singlet–triplet energy gap was labelled
in eV.
Angew. Chem. Int. Ed. 2020, 59, 7548 – 7554
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compound 3 shows similar emission variation in THF/H2O
solution as in DMF/H2O solution. Figure 4 b exhibits a second-order exponential decay with td of 1.1 ms and tp of 5.1 ns
for compound 3 in THF with 90 % water, which has also
proved the TADF nature in this aggregated state. Furthermore, the intermolecular hydrogen bonding can be interpreted by a negative chiroptical signal observed when the
water fraction is larger than 50 %, and the signal intensity is
further enhanced as the water fraction reached 90 % (Figure 4 c). According to literature,[16] the hydrogen bonding
between amide groups of compound 3 and water will promote
the establishment of a helically self-assembled aggregate in
organic media with a certain proportion of the water, driven
by the chiral lipoiate sidechain groups. The helical selfassembly was further evidenced by the nanostructural morphologies in a counterclockwise fashion (M-helicity, see TEM
images in Figure 4 d–f), in good agreement with the negative
CD signals shown in Figure 4 c. The morphological difference
between in DMF/H2O and THF/H2O resulted from the
solvent effects (solvation and solvent polarity) surrounding
the aggregates, which may hold the key to determine the
handedness of the resultant assemblies.[17]
Furthermore, PL properties of 3 with a concentration
variation were also monitored to explore the possible Hbonding induced excited-state change (Supporting Information, Figure S11). The SEM images and DLS of samples
prepared from DMF with a concentration of 2000 mm show
spherical aggregate (Supporting Information, Figure S12)
with diameter around 500 nm, similar to the cases observed
in DMF along with the increase of water fraction from 0 % to
50 %. The existence of hydrogen bonding in the aggregated
state of 3 in DMF with 95 % water can also be verified by a PL
measurement under such a solvent condition with a temperature variation (Figure 4 g). It is found that the emission band
at 440 nm shifted to about 495 nm with the increase of the
temperature from 263 K to 373 K. These results indicate that
high temperature will be unfavorable for the hydrogen
bonding formation. On the other hand, the X-ray diffraction
(XRD) peaks at 15.8288, 18.2588, and 19.5688 shown in Figure 4 h
indicate typical p–p stacking interactions[7c, 18] in samples
prepared from DMF with 40 % water. However, these peaks
disappeared in the XRD spectrum of the sample prepared
from DMF with 95 % water, suggesting that the structure
became more amorphous and lead to a CT nature made up of
hydrogen bonding interactions in the aggregated state. It is
known that the formation of p–p stacking in molecules can
often deteriorate the emission in aggregated states by
facilitating non-radiative pathways.[19] Therefore, we can
conclude that the reduction of the emission with a red-shift
in our case originated from the p–p stacking between
molecules, while the restoration of the emission with a blueshift upon a further molecular aggregation results from the
intermolecular hydrogen bonding.
We also performed molecular dynamic (MD) simulation
to describe the excited-state energy by calculations. A series
of representative dimeric models of compound 3 can be
extracted upon the MD simulation (Supporting Information,
Table S4 and S5). Their S1–S0 energy gap became larger as
compared to the monomeric state, in consistence with the

7552

www.angewandte.org

Angewandte

Chemie

experimental observation of a blue-shifted emission in DMF
or THF with plenty of water. The enlargement of the S1–S0
energy gap basically originates from the aggregation-induced
stabilization of the HOMO and a destabilization of the
LUMO. For all of the calculated dimers the S1 and T1 states
are in close energy resonance because of the identical chargetransfer nature of these states. This implies an efficient RISC
in the dimers[20] because of very small singlet–triplet splitting
parameters (less than 50 meV in a good agreement with
experimental value of about 0.04 eV, deduced from the onsets
of the fluorescence and phosphorescence spectra in the
Supporting Information, Figure S8) and non-zero spin–orbit
coupling matrix elements between these states (around
0.5 cm@1). Therefore, in terms of these computational results
as well as the compatible experimental data, we can propose
a Jablonski relationship to signify the TADF characteristic
both in the monomeric and aggregated states (Figure 4 i).

Time-Resolved Luminescence Imaging Independent of Probe
Pretreatment
To explore the practical usage of the dual-phase TADF
probing, we adopt two ways to incubate compound 3 with
living cells for time-resolved luminescence imaging. One way
is to prepare nanoparticles (NPs) by encapsulating the
luminogen into the amphiphilic block copolymer Pluronic
F-127. This is for the consideration of the monomeric TADF
since the luminogen can be homogeneously dispersed within
the hydrophobic polymer matrix. The TEM, DLS, and
emission spectra of the NPs confirmed such a homogeneous
system (Supporting Information, Figures S13 and S14). The
other way is to directly employ the self-aggregates of 3 to be
endocytosed for cell imaging for featuring the aggregated
TADF effect at the cellular level. The diameter of the
aggregates is about 200 nm (Supporting Information, Figure S15). Our sample exhibits low cytotoxicity to HeLa cells,
as evaluated by the CCK-8 test. After incubation at 37 8C for
24 h, the cell viability had risen above 93 % when the probe
concentration reached 200 mg mL@1 (Supporting Information,
Figure S16), suggesting a low cytotoxicity of our probe.
HeLa cells were incubated with the two ways, and their
luminescence was well evaluated by confocal laser scanning
microscopy (CLSM). After 4 h of incubation with the NPs or
the aggregates of 3, HeLa cells were lit up with brightness
from both of the two ways (Figure 5 A). To reveal the longlived TADF emission in the cells, time-resolved luminescence
imaging measurements including phosphorescent lifetime
imaging microscopy (PLIM) and time-gated luminescence
imaging (TGLI) were carried out (Figure 5 B). Since most
autofluorescences have a lifetime less than 10 ns, the shortlived fluorescence signals could be filtrated easily by timegated detection with a delay time of 0.8 ms. Because both the
NPs and the aggregates of 3 exhibited strong luminescence
with lifetimes of microseconds, their delayed fluorescence
could obviously be observed in cells, with the PLIM showing
the time-resolved luminescence imaging effect with delay.
The long lifetimes may be a result of the fact that the
substances in cells may effectively hinder contact and
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cells to present a unique probe concentration independent
imaging effect. Figure 6 shows the CLSM images of living
cells incubated for 6 h. The probe with three different
concentrations all reveal bright emission in the selected
channel, demonstrating that this material could efficiently
image cells no mater its probe concentration is low or high.

Figure 5. Time-resolved luminescence imaging. A) CLSM images for
HeLa cells incubated using the two ways (NPs and aggregates) and
staining with dioctadecyloxacarbocyanine perchlorate (DiO). a),e) luminescence of HeLa cells with NPs or aggregates (lex = 405 nm,
lem = 435–485 nm); b),f) luminescence of HeLa cells with DiO
(lex = 488 nm, lem = 500–550 nm); c),g) bright field; d) merged image
of (a), (b), and (c); h) merged image of (e), (f), and (g). Scale bar:
10 mm. B) Time-resolved luminescence imaging (PLIM and TGLI) for
HeLa cells incubated with the two fashions (NPs and aggregates).

collisions between the TADF emitters and oxygen molecules.
TGLI of HeLa cells incubated with the probe with different
delay time shows the luminescence with an integral gate from
0.8 to 10.8 ms for the NPs, and from 0.8 to 20.8 ms for the
aggregates. These results further suggest that the dual-phase
strong TADF property can be perfectly demonstrated at the
cellular level, and that the two-way endocytosis can reflect
a superior probing regardless of the probe pretreatment.

Probe-Concentration-Independent Imaging
Traditional luminescent probes generally require low
concentrations to avoid aggregation for bioimaging,[19, 21]
because of their ACQ effect. Nevertheless, in contrast, those
AIE type probes need high concentrations to form aggregates
for imaging.[8, 22] These facts increase the uncertainties upon
a practical imaging as the luminogens would aggregate to
different degrees in a complex biological event. Meanwhile,
the preparation complicacy during the probe pretreatment
would easily cause erroneous signal reading upon fluctuation
of the probe concentration. Herein, we can establish a strategy
to overcome these issues by using compound 3 owing to its
high emission efficiency no matter being in the monomeric or
in the aggregated states. For meeting the practical use, we fed
0.01 mg, 0.1 mg and 0.5 mg of compound 3 with amphiphilic
triblock copolymer F127 of the same weight (5 mg) into HeLa
Angew. Chem. Int. Ed. 2020, 59, 7548 – 7554

Figure 6. Probe concentration independent imaging. CLSM images for
HeLa cells staining with DiO and incubated for 6 h a)–d) with
compound 3 (0.5 mg)/ F127 (5 mg); e)–h) with compound 3 (0.1 mg)/
F127 (5 mg); i)–l) with compound 3 (0.01 mg)/ F127 (5 mg). a),e),i)
Bright field; b),f),j) luminescence (lex = 405 nm, lem = 435–485 nm);
c),g),k) with DiO staining (lex = 488 nm, lem = 500–550 nm);
d) merged image of (a)–(c); h) merged image of (e)–(g); l) merged
image of (i)–(k). Scale bars: 10 mm.

Conclusion
We have reported a TADF-based organic luminescence
material with bright emission both in the monomeric and
aggregated state. Such a dual-phase strong TADF characteristic was found to originate from a well-defined molecular
design via rigid-and-flexible alternation in D-A-D skeletons,
that is, integrating a long lipoic alkyl side group with an
indole-based donor–acceptor–donor skeleton for facilitating
self-assembly. Time-resolved luminescence bioimaging can be
well observed in the application of this luminogen regardless
of the probe pretreatment and the probe concentration. These
advantages indicate that luminescent materials with such
dual-phase strong and long-lived PL properties can be
beneficial for probing at larger temporal and spatial scales,
and for avoiding to a larger extent erroneous signal reading.
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