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For achieving smart materials with color-tunable emissions, the development of single-component
systems exhibiting high durability and stability is desired but remains challenging, in comparison to
multicomponent systems. Here, a single-component luminescent molecule (3-SPhF) with colorful
emissions is successfully reported through different expressions of triplet excitons in radiative transitions.
The time-resolved spectra confirm the existence of delayed fluorescence (t = 282.5 ps), monomeric

phosphorescence (t = 497.7 ms) and aggregated-state phosphorescence (r = 230.0 ms) in the crystal
Received 15th April 2021 . . o . .
Accepted 3rd June 2021 powder of 3-SPhF, which affords time-dependent afterglow and excitation-dependent emissions in
a steady state. Furthermore, the relationships between ultra-long luminescence and stacking of the

DOI: 10.1039/d1sc02094c dibenzofuran group in single crystals are explored, providing evidence for the regularity of multiple
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Introduction

Stimuli-responsive luminescent materials are usually accom-
panied by variable emission colors, showing promising appli-
cations in anti-counterfeiting, information encryption and
biological engineering.*® Luminous colors regulated by phys-
ical stimulation endow smart materials with abundant optical
properties. To obtain multicolor emissions, the focus of
previous reports mainly relied on multicomponent lumines-
cence for example from a mixture of chromophores, multi-
component dimers and trimers, and terpolymers.>'® In spite of
that, ideal systems are multicolor single crystals because of
their excellent durability and stability. Unfortunately, the
majority of single-component materials only tend to intercon-
vert between colored and colorless.”** Although a few modu-
lations, including isomers and crystallinity,"*** have succeeded
in achieving multicolor emissions, developing high efficiency
single-component materials with tunable emission colors is
a great challenge.
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emission centers in single-component compounds with dibenzofuran substituents.

As is well known, luminescence involving triplet excitons can
be expressed in many forms. Inspired by multiple emission
centers in carbon dots, An et al. realized tunable persistent
luminescence under different excitations through constructing
multiple ultra-long organic phosphorescence emitting centers
in a single-component molecular crystal.”” Except for phos-
phors, delayed fluorescence had also been used in developing
dynamically controlled afterglow.'®*® Therefore, the different
expressions of triplet excitons provide a high possibility to
achieve colorful emissions in single-component materials.?**
However, strategies based on triplet exciton controlling to tune
emission colors are still rare and short of regularity.

In our previous work, time-dependent afterglow was firstly
discovered in a dibenzofuran-containing single-component
molecule with room temperature phosphorescence (RTP) and
delayed fluorescence (DF).>* It was speculated that intermolec-
ular hydrogen-bonding interactions are beneficial for DF
enhancement, and meanwhile it is important to rationally
construct multiple emission centers for achieving color-tunable
single-component compounds. Nevertheless, there is still
considerable ambiguity with regard to the derivation of DF with
ultra-long lifetimes and high efficiency. Therefore, in order to
explore the origin and regularity of DF, in this work,
dibenzofuran-containing compounds are designed and inves-
tigated, on the basis of photophysical property studies of our
previous dibenzofuran chromophores. The dibenzofuran
compound was also synthesized* by us in this work and the
purity analyses were carried out using nuclear magnetic reso-
nance (NMR) and high-resolution mass spectra (HRMS)
(Fig. S1-S3t). Unexpectedly, the photoluminescence (PL) spec-
trum of the dibenzofuran crystal shows dual emission peaks at
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Fig. 1 (a) The PL spectra of dibenzofuran in a crystalline state; (b)

temperature-dependent emission decay spectra at 332 nm for
dibenzofuran; (c) the structure and properties of 1-SPhF and 3-SPhF.

332 nm and 410 nm in a steady state (Fig. 1a). According to
temperature-dependent emission decay spectra (Fig. 1b and
S11t), the corresponding lifetime of the peak at 410 nm
decreases as the temperature increases from 100 K to 300 K,
contributing to RTP (Fig. S117). However, the lifetime of emis-
sion at 332 nm could be fitted by two exponential functions
below 200 K and it increases when the temperature increases
from 100 K to 200 K, indicating that the triplet excitons are
activated in this process.”* Therefore, the violet emission
includes traditional fluorescence and delayed fluorescence
(Fig. 1b). Notably, dibenzofuran shows a very low component of
DF, which is almost overlapped with conventional fluorescence,
thus affecting the tendency of fluorescence at different
temperatures. As a result, the lifetime of emission peaked at
332 nm displays an opposite tendency around 200 K. In addi-
tion, the component of DF is too low to be observed in the
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phosphorescence spectrum after removing the UV lamp, and
the almost overlapped fluorescence and DF make it difficult to
verify the origin of DF from the concentration-dependent
emission spectra of dibenzofuran (ca. 332 nm, Fig. S12}). In
light of this, we design two isomeric molecules namely 1-SPhF
and 3-SPhF (Fig. 1c), which are based on the one step reaction of
benzenesulfonyl chloride and dibenzofuran. On the one hand,
these compounds without extra groups are beneficial for us to
further investigate the relationship between DF and stacking of
neighboring dibenzofuran groups. On the other hand, the
target compounds involve two different excited-state configu-
rations (nm* and w*) that facilitate the production of RTP.>>*¢
In this case, our groups attempt to achieve the derivatives of
dibenzofuran with multiple emission centers to realize colorful
emission for single component molecules.

Results and discussion

The purity of 1-SPhF and 3-SPhF was confirmed by NMR, and
high-resolution EI mass (Fig. S4-S91). Single crystals of the two
isomers are obtained from slow evaporation of tetrahydrofuran/
n-hexane solutions at room temperature. Moreover, the powder
X-ray diffraction of 1-SPhF and 3-SPhF was conducted as shown
in Fig. S10.f The CCDC numbers of 1-SPhF and 3-SPhF are
2057821 and 2057825, respectively.

For isolated molecules in dilute tetrahydrofuran solution (1
x 107> mol L"), the UV-vis absorption and PL spectra
(Fig. S131) of 1-SPhF exhibit a bathochromic shift in compar-
ison to those of 3-SPhF because of steric hindrance. Similar to
dibenzofuran, the crystal powders of 1-SPhF and 3-SPhF show
multi-emission afterglow after removing the UV excitation (Aex
= 365 nm, Fig. 2a). Particularly for 3-SPhF, three emission
centers can be clearly distinguished from the emission decays
(Fig. 2b). The peaks at 423 nm, 510 nm and 586 nm are observed
successively during the delay time from 8 ms to 440 ms,
implying the existence of tri-emission afterglow in the 3-SPhF
crystal. In contrast, as the delay time changes, no extra emission
peaks appear for 1-SPhF with two peaks maintained at 403 nm
and 563 nm (Fig. S14+).
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(@) PL spectra of 1-SPhF and 3-SPhF in a crystalline state; (b) time-resolved phosphorescence spectra of 3-SPhF; (c) concentration-

dependent spectra in toluene and (d) temperature-dependent emission decay spectra of 1-SPhF and 3-SPhF.
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Fig.3
single crystals of dibenzofuran, 1-SPhF and 3-SPhF.

To further confirm the origin of afterglow, concentration-
dependent PL spectra were measured in toluene (TOL) solu-
tions (Fig. 2c and S15%). As the concentration increases from 1
x 10 °*mol L *to 1 x 10 > mol L, the peak around at 423 nm
is observed in 3-SPhF rather than in 1-SPhF with hardly changed
peaks. As displayed in Fig. S16,7 the PL spectrum of 1-SPhF in
an amorphous state only exhibits faint phosphorescence,
revealing that its higher energy emissions only exist in the
crystal state. The results suggest that the peaks at 403 nm (for 1-
SPhF) and 423 nm (for 3-SPhF) are related to intermolecular
interactions. Furthermore, the phosphorescence spectra of
isomeric molecules and dibenzofuran in dilute 2-methylte-
trahydrofuran at 77 K were investigated (Fig. S17f). Their
similar emissions peaked at 500 nm indicating that the emis-
sion center of monomeric phosphorescence stems from
dibenzofuran. Moreover, as seen from Fig. 2d, the temperature-
dependent emission decay spectra of these two compounds
recorded at 403 nm and 423 nm demonstrate obvious delayed
fluorescence components owing to the thermal activation of
triplet excitons by increasing the temperature. The gradually
enhanced intensity of emissions peaked at 403 nm and 423 nm
at higher temperatures and in vacuum further verify the exis-
tence of DF in 1-SPhF and 3-SPhF (Fig. S18 and S19%). In
contrast, the lifetime of emissions at 563 nm (for 1-SPhF) and
586 nm (for 3-SPhF) increases sharply as the temperature
decreases from 300 K to 100 K, attributed to RTP with electronic
coupling for isomeric molecules (Fig. S20 and S21}).** There-
fore, multiple emission centers are realized in both 1-SPhF and
3-SPhF by combining intermolecular DF and persistent RTP.

To further investigate the mechanism of multiple emission
centers for isomeric molecules, single-crystal X-ray diffraction
measurements were carried out. The results show that both 1-
SPhF and 3-SPhF exhibit interactions between oxygen and
hydrogen from the neighboring sulfonyl group (C-H---O)
(Fig. S227). Nevertheless, the dibenzofuran group in 3-SPhF is
restricted by four neighboring molecules through C-H:---w
interactions, while only one interaction between sulfonyl and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) The intermolecular interaction in single crystals of 1-SPhF and 3-SPhF; (b) NTO analysis of 1-SPhF and 3-SPhF; (c) molecular packing in
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dibenzofuran (C-H---O) is observed in 1-SPhF, as displayed in
Fig. 3a. Given the fact that the emission center of monomeric
phosphorescence for the two compounds originates from the
dibenzofuran group, 3-SPhF with four surrounding molecules
demonstrates outstanding monomeric phosphorescence prop-
erties due to the limitation of non-radiative transition.

The achievement of visible DF provides a higher possibility
to design color tunable luminescent materials. To date, there is
still a high demand for a deeper understanding of the origin
mechanism of DF, which is likely conceivable based on the
exploration of the presented two isomeric molecules. Due to
concentration-dependence of DF and the large energy differ-
ences between the lowest singlet (S;) and the lowest triplet (T,)
states for monomeric 1-SPhF (AEsr = 0.71 eV) and 3-SPhF (AEsy
= 0.83 eV) (Fig. S23t), two neighboring molecules in the single
crystals are modelled for theoretical calculations. The AEgr
values were found to range from 0.60 eV to 1.09 eV, which are
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Fig. 4 The mechanism of multiple emission centers for 3-SPhF.
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too large to trigger reverse intersystem crossing (rISC) for
enabling thermally activated delayed fluorescence (TADF) in
these coupled molecules (Table S17). Therefore, the recognized
DF of dibenzofuran-containing compounds is assigned to
triplet-triplet annihilation (TTA). The bimolecular TTA process
occurs when two of accumulated triplet excitons migrate and
interact with each other before they are deactivated. Moreover,
the occurrence of TTA is dependent on the overlapping of -
orbitals in adjacent molecules.”””® As aforementioned, the
similar phosphorescence spectra of dibenzofuran, 1-SPhF and
3-SPhF in dilute solution at 77 K verify that the monomeric
phosphorescence stems from the dibenzofuran group. Besides,
nature transition orbitals (NTO) analysis* reveals that the T; of
two isomeric molecules are mainly contributed by the diben-
zofuran group (Fig. 3b). Therefore, the arrangement of diben-
zofuran groups in the single crystals is related to the occurrence
of TTA. The molecular packing in single crystals of dibenzo-
furan, 1-SPhF and 3-SPhF is displayed in Fig. 3c and S22.1 The
common 7---7 stacking of dibenzofuran groups is observed in
1-SPhF (3.510 A) and 3-SPhF (3.493 A) and provides a large
orbital overlap of adjacent molecules in their single crystals,
contributing to efficient TTA emissions. However, the diben-
zofuran molecule only presents H-aggregation in single crystals
with negligible T; orbital overlap, leading to weak DF.

From the above discussion, the proposed mechanism of
multiple emission centers for 3-SPhF could be summarized in
Fig. 4. Following UV excitation, monomeric molecular fluores-
cence (352 nm) and phosphorescence (510 nm) are generated
through the internal conversion (IC) process from the singlet
excited state (S,) to S; and intersystem crossing (ISC) from S; to
Ty, respectively. According to the concentration-dependent
spectra of 3-SPhF (Fig. 2c and S15%), delayed fluorescence
from 423 nm gradually increases accompanied by decreasing of

9204 | Chem. Sci, 2021, 12, 9201-9206

350 450 550 650 750 850 950
Wavelength / nm

400 500 600 700 800 900 1000
Wavelength / nm

Turn off

(a) The excitation spectra of 3-SPhF at different excitation wavelengths; (b) phosphorescence spectra and (c) photographs of 3-SPhF

monomeric fluorescence when the concentration increases
from 1 x 10°® mol L™" to 1 x 10> mol L™". This means that
energy transfer occurs from monomeric molecular S; to
aggregated-state S,*. The phosphorescence of 586 nm belongs
to the aggregated-state phosphorescence from T;*, while an
encounter between two triplet excitons leads to the TTA emis-
sion (423 nm).

In comparison to 1-SPhF, 3-SPhF with tri-emission afterglow
exhibits more excellent properties (Table S17), including longer
lifetimes (7423 nm = 282.5 US, T510 nm = 497.7 MS, T5g6 nm = 230.0
ms) and a higher efficiency (®pgirrp = 26%). These character-
istics are responsible for the dynamic visible afterglow observed
in 3-SPhF during different decay times (Fig. 5¢). As mentioned
above, the radiative transitions of triplet excitons in 3-SPhF are
expressed through DF, monomeric phosphorescence and
aggregated-state phosphorescence. The excitation spectra in
Fig. 5a reveal the differences of the maximum excitation wave-
length considering the three emission bands. Delayed fluores-
cence peaking at 423 nm can be effectively excited by UV
excitation ranging from 250 nm to 350 nm, and the overlapped
excitation wavelengths from 350 nm to 410 nm prefer to excite
RTP. However, the orange emission is always more intense than
the blue emission although the luminescence is dominated by
DF at an excitation wavelength of 302 nm, owing to rapid decay
of DF (Fig. 5b). Thereby, it is difficult for 3-SPhF to achieve
excitation-dependent afterglow. On the other hand, when the 3-
SPhF powder is excited by 385 nm UV light, the color of after-
glow changes from orange to green during the delay time from
0.01 s to 2 s (Fig. 5¢). This behavior of time-dependent afterglow
is hardly observed in 1-SPhF but is observed in 3-SPhF, given the
two ultra-long phosphorescence in 3-SPhF and a slower emis-
sion decay of its monomeric phosphorescence (Fig. 5b and
Table S1t). Therefore, by varying the emission decay time, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the 3-SPhF crystal powder (Aex = 365 nm); (c) photographs and mechanism for different color emissions of lamellar compounds at illuminated

and shadow sides.

proportion of multiple emissions can be regulated, leading to
dynamic time-dependent colorful afterglow for 3-SPhF.
Although excitation-dependent afterglow is difficult to
realize for 3-SPhF owing to the rapid decay of DF at 423 nm, the
high efficiency of DF leads to possibility of achieving colorful
emission in a steady state by changing the excitation wave-
length. In order to prove this hypothesis, the excitation-
dependent spectra in a steady state were measured (Fig. 6a).
When excited by a 310 nm UV lamp, the fluorescence emission
shows a peak at 352 nm, which disappears in the PL spectrum
with an excitation wavelength of 365 nm, resulting in obvious
emissions of DF and RTP. However, the emission color (cold
white) observed by the naked eye from the illuminated side of
the 3-SPhF powder cannot be reflected from the corresponding
spectrum (dominated in blue region) recorded under 365 nm
UV light, while the shadow side of the 3-SPhF powder exhibits
yellow emission (Fig. 6b). Furthermore, the PL spectrum of the
illuminated side of the 3-SPhF powder is similar to that of the
shadow side when the compound is excited by a 365 nm UV
light, despite the different intensities of the emission peaks. In
contrast, as for 1-SPhF, the emission color has no changes in
any cases due to extensive overlap between fluorescence and DF
(Fig. S247). This phenomenon is speculated due to the fact that
the excitation source and other reflected lights are difficult to be
ignored by the naked eye. Using the 3-SPhF powder to attenuate
the intensity of excitation, the intrinsic emission color of the
compound can be extracted (Fig. 6¢). Importantly, to get a more
intuitive view of the difference in luminescence colors between
the illuminated side and shadow side of the 3-SPhF powder, we
put the lamellar compound achieved through recrystallization
and extraction filtration into a quartz plate (Fig. 6¢).The square
area of the quartz plate is 1.5 cm x 1.5 cm, and the width of the
lamellar compound is about 0.5 mm. The illuminated side of
the square displays violet emission while the shadow side
presents yellow emission (Fig. 6¢ and video S17), attributed to

© 2021 The Author(s). Published by the Royal Society of Chemistry

intrinsic luminescence of 3-SPhF with DF and RTP features,
respectively.

Conclusions

In this work, two isomeric molecules 1-SPhF and 3-SPhF were
designed by using dibenzofuran as a chromophore, and
importantly the relationship between stacking of dibenzofuran
groups and the multiple emission centers in dibenzofuran-
containing compounds was explored by virtue of X-ray single
crystal diffraction and theoretical calculations. Due to the tri-
emission centers in 3-SPhF, color-tunable luminescence was
achieved in both delay and steady states. On the one hand, the
proportion of monomeric phosphorescence (t = 497.7 ms) and
aggregated-state phosphorescence (t = 230.0 ms) was adjusted
to render time-dependent afterglow. Besides, the excitation-
dependent emission was realized in a steady state through
controlling the conventional fluorescence and delayed fluores-
cence (t = 282.5 us). Meanwhile, the different colors between
the illuminated side and shadow side were observed due to the
attenuation of excitation. The successful exploration of multiple
emission centers in compounds with a dibenzofuran group will
pave the way for the development of color-tunable luminescent
materials.
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